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Abstract 
Thin films of VO2 were synthesised by atmospheric pressure chemical vapour 
deposition (APCVD). The effect of deposition time on the thickness of the films was 
studied. The samples synthesised were the first time monoclinic VO2 has been 
demonstrated by the reaction between vanadium (IV) chloride and ethyl acetate 
under APCVD conditions.  
Multi-layer films of VO2/SiO2/TiO2 were also synthesised by APCVD and the effect 
on the thermochromism and visible light transmission were investigated. The multi-
layered VO2/SiO2/TiO2 is the first such multi-layer to be demonstrated by APCVD. 
A specialised Fluidised Bed Chemical Vapour Deposition (FBCVD) reactor was 
designed and built specifically for the project, with this design being utilised to coat 
powder substrates with thin films of TiO2. A multi-shelled system of anatase on rutile 
on mica was deposited to demonstrate that the FBCVD system is capable of 
depositing core-shell and multi-shelled systems with fast and uniform growth rates. 
The different TiO2 samples were tested for their photocatalytic properties by 
measuring stearic acid destruction rates.  
VO2 nanoparticles were synthesised by Continuous Hydrothermal Flow Synthesis 
(CHFS), with the effect of temperature and residence time within the CHFS reactor 
on the phase produced and particle size distribution was evaluated. This is the first 
time that CHFS has been used to produce VO2 nanoparticles.  
Finally, CHFS was used to synthesise nanoparticles of Nb doped VO2. The effect of 
varying the concentration of Nb was investigated by evaluating the phase of 
vanadium oxide synthesised, the range of particle size and the thermochromic 
properties observed in the material.   
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Chapter 1: Introduction 
1.1 Introductory remarks 
This thesis is focused on the development of thin film and nanoparticle synthetic 
routes of monoclinic vanadium (IV) oxide. Vanadium (IV) oxide is a thermochromic 
material that displays a fully reversible, temperature induced phase transition.1 The 
following literature review will concentrate on the fundamental principles underlying 
the thermochromic behaviour of VO2, including proposed reasons for the behaviour 
observed in the monoclinic to tetragonal phase change. Comparison and evaluation 
of routes to the synthesis of monoclinic VO2 will be discussed, with pros and cons of 
the different methodologies discussed, a brief overview of both hydrothermal and 
chemical vapour deposition will be given- these being the principle synthetic 
methods used for producing the samples discussed throughout this thesis. Methods 
for altering the phase transition temperature, through both doping of the material 
and inducing strain effects by lattice mismatch to the substrate will be discussed.  
Finally, the visible light transmission of VO2 will also be discussed, including 
proposed methods to alter the visible light transmission of the material.  
1.2 Properties of vanadium (IV) oxide 
Vanadium oxides display a wide range of phases, with both primary and mixed 
oxides present in the phase diagram.2 This is due to the ability of vanadium to 
assume many oxidation states, from V(0) in the elemental state to V(V) when fully 
oxidised.3  
Vanadium (IV) oxide is formed when the ratio of V:O is 1:2 (±0.1 % O).4 Vanadium 
(IV) oxide has four known phases, these are known as VO2(A),
5 (B),6 (M) and (R).7  
VO2(A) and (B) have shown promise for the intercalation of Li ions for battery 
applications.6, 8 Undoped monoclinic VO2 [VO2(M)] shows a reversible phase 
transition to a tetragonal (rutile) structure at ~68 °C.2 This phase change is 
accompanied by a large change in both the optical, in near IR wavelengths, and 
electronic properties.7 Monoclinic VO2 has semi-conductor properties, with a distinct 
band-gap (~0.7 eV), and is both transmissive to near IR wavelengths and poorly 
conducting of electricity. Tetragonal VO2, on the other hand, has semi-metallic 
properties, with the valence and conduction bands overlapping and is reflective of 
near IR wavelengths and has good electrical conductivity. Due to the fully reversible 
nature of the MST in VO2, there are many potential applications for VO2 thin films 
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and powders. These include: solar control coatings,9, 10 data storage11 and optical 
computing.12, 13 The vast majority of current research is based on the use of VO2 in 
solar control coatings. 
Goodenough was the first researcher to propose an explanation for this phase 
change and the associated change in properties.2, 7 It was suggested that in the 
monoclinic phase, the vanadium ions would each have an unpaired electron in the 
dII orbital. These d-orbitals can overlap, to form a V-V bond. In the tetragonal phase, 
the electrons are released from the V-V bond. This induces a change in the band-
structure of the material, leading to the semi-metallic properties observed above the 
phase transition temperature (Tc). Figure 1.01 (a) and (b) show pictorial 
representations for this.  
 
Figure 1.01: Pictorial representations for a) the lattice parameters for monoclinic and 
tetragonal VO2 phases; in the monoclinic phase, vanadium ions share a pair of electrons 
forming V-V bonds and b) the band structure for the monoclinic (semi-conducting) and 
tetragonal (semi-metallic) phases.   
The metal-to-semiconductor transition (MST) is closely associated with a change in 
band structure.2 In the monoclinic phase the electrons in the dII orbitals are paired 
together, this creates a structure where pairs of vanadium atoms are bonded 
together. As the electrons are held in bonds between the vanadium atoms, below 
the MST VO2 has a distinct band-gap, of ~0.7 eV, and acts as a semi-conductor. 
Above the MST, the band structure changes, the dII orbitals overlap with the π* 
orbitals. This change in the band structure releases the electrons held in the V-V 
bonds, these electrons are then able to move as there is no longer an effective 
band-gap, as the π* orbitals are thermally achievable, as shown in Figure 1.01 (b). 
This results in the material becoming semi-metallic.7 
Chapter 1 
Introduction 
 
25 
 
The exact nature of the phase change has been a subject of much debate. Whether 
the phase change is driven by a change in band structure (electronic effect) or by a 
change in lattice parameters (steric effect) has been unclear. A recent study by Wall 
et al. has focused on determining the timescale for the structural and electronic 
changes observed when VO2 passes through the MST.
14 Until recently, it has been 
impossible to determine whether the atomic rearrangement leads to the band 
alteration or vice versa. Using broadband time-resolved reflection spectroscopy, 
Wall et al. were able to show that the electronic band structure change was 
established within the femtosecond range, whereas the structural change occurred 
over the picosecond range. This study also noted that during the phase change, the 
electronic and structural properties were in a state of flux and could neither be 
described as semi-conducting or semi-metallic in nature, but were a complex mix of 
the two.  
This conclusion has been supported by work done by Peng et al.15 In this study, the 
use of far infra-red (FIR) spectroscopy was used to model the electronic and 
structural changes associated with the MST. It was found that there were 2 distinct 
electronic structural changes, a slow change which had both semi-conducting and 
semi-metallic properties at 304-335 K and an abrupt change at 335 K. This study 
also showed that there was a delay between the electronic and structural changes, 
with the electronic changes happening before the structural ones.  
1.3 VO2 for solar control coatings 
Due to the significant difference in transmission of near IR wavelengths between the 
monoclinic and tetragonal phases of VO2, the ability to have thermochromic 
applications for solar control is possible.16 The VO2 can be coated on surfaces, such 
as windows or roofs, when the temperature is below the Tc near IR wavelengths will 
be transmitted into the building, alleviating the need for some of the central heating 
and thus preventing the release of excess greenhouse gases that contribute to 
climate change.17 When the temperature is above the Tc the VO2 undergoes a 
phase change and becomes highly reflective to near IR wavelengths. This would 
mean that there would be less of a need for air conditioning to be used.18 As air 
conditioning units rely on electricity, and most electricity is currently produced by the 
burning of fossil fuels which release large amounts of greenhouse gases into the 
atmosphere contributing to climate change, the use of thermochromic solar control 
coatings could allow for a comfortable environment inside buildings whilst also 
allowing energy efficiency. A schematic for this process is shown in Figure 1.02. 
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Buildings are currently estimated to account for ~40% of annual CO2 emissions,
19 
so if heating and air-conditioning loads can be reduced this would lead to a 
significant reduction in anthropogenic CO2 emissions.  
 
Figure 1.02: Schematic of a VO2 solar control coating, below the MST, infra-red radiation is 
transmitted through. Above the MST, the infra-red wavelengths are reflected away by the 
VO2 coating. This switch happens reversibly and is controlled by the temperature of the 
surrounding environment, there is no additional energy input required to achieve the switch 
in the material.  
1.4 Synthesis methods for producing VO2 
Several methods for producing VO2 have been researched, these include physical 
vapour deposition,20 sputtering,9, 21, 22 sol-gel methods,23-25 hydrothermal synthesis26-
30 and chemical vapour deposition.11, 31-33 The two most widely researched methods 
for producing VO2 thin films and nanoparticles are CVD and hydrothermal synthesis, 
these are also the methods that will be used for the synthesis of materials discussed 
in this thesis.   
1.5 Chemical Vapour Deposition 
Chemical vapour deposition (CVD) is a method used to cover large substrates 
quickly and uniformly. It is commonly used in industry to coat glass,11, 34, 35 produce 
sensors/electronics36-38 and synthesise corrosion resistant coatings.39-41 There are 
many forms of CVD including aerosol assisted CVD,42-44 low-pressure CVD,45-47 
plasma enhanced CVD,48-50 atmospheric pressure CVD51-53 and fluidised bed 
CVD.54-56  
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VO2 thin films have been previously reported from APCVD and AACVD techniques. 
Manning at al. have successfully formed thin films from a variety of precursors via 
APCVD.31, 32, 57, 58 This has included the doping of VO2 thin films with tungsten, this 
leads to the lowering of the thermochromic switching temperature.32, 57  
Blackman et al. have also been able to synthesise VO2 thin films via APCVD.
11 In 
this study it was shown that the concentrations of precursors used could be 
lowered, which both ensured that the system was less prone to blockages forming 
whilst also improving the conditions to allow the formation of high quality VO2 films 
onto substrates. 
Piccirillo et al. have been able to successfully produce VO2 thin films via AACVD.
10, 
33, 43 A solution of [VO(acac)2] in ethanol was made into an aerosol via a Vicks 
humidifier, with the resulting mist being pasted over a heated glass substrate, 
yielding VO2. Further studies by Piccirillo et al. showed that doping of VO2 was also 
possible in AACVD by Nb43 and W.33  
Warwick et al. have also used an AACVD process coupled with electric fields to 
control the size of the crystallites formed during the deposition of VO2 thin films.
59-61 
AACVD is not currently used in industrial processes, unlike APCVD. The main 
reason for this is that APCVD is a more mature technology than AACVD. AACVD 
relies on the generation of an aerosol which is then carried by an inert gas to the 
reaction chamber. The reactant is then deposited onto a heated substrate. Oxygen 
is added to the reaction by either the use of an oxygen source being dissolved into 
the solution used for the aerosol, or oxygen gas can be ‘bled’ into the reaction 
chamber. The advantage of AACVD over APCVD is that there are no unwanted 
nucleation reactions, the reactants are carried by a cold gas and can only react over 
the heated substrate surface. The disadvantage of AACVD is that the reactant must 
be soluble in a suitable solvent, if the solvent is too viscous it is impossible to 
generate a good enough aerosol. The deposition times of AACVD also tends to 
occur over about 30 minutes as compared with 2-3 minutes for APCVD. For these 
reasons, APCVD methods were chosen as the method for producing thin films of 
VO2 for the research discussed in this thesis.  
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1.5.1 Atmospheric Pressure Chemical Vapour Deposition 
CVD is a technique to deposit a solid product onto a substrate by means of a gas-
phase or surface reaction. There are many differing forms of CVD each tailored for 
a particular purpose. For an Atmospheric Pressure Chemical Vapour Deposition 
(APCVD) process the mechanistic steps are generally considered to be:62 
 Transport of the reactive species to the substrate surface 
 Gas phase reaction 
 Adsorption onto the substrate surface 
 Nucleation on the substrate surface 
 Reaction and desorption of by-products 
 Film Growth 
This is shown pictorially in Figure 1.03.  
 
 
Figure 1.03: Diagram showing the necessary mechanistic steps during a Chemical Vapour 
Deposition process to deposit a thin film from the initial precursors.  
APCVD requires the reactor to be at or close to atmospheric pressure, meaning that 
the precursors must be either low melting solids or highly volatile liquids. Precursors 
are carried to the reactor in an inert gas stream (usually N2) which is heated to 
prevent condensation of the precursors. The precursors and carrier gas are then 
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passed over a heated substrate which causes the nucleation of the precursor on the 
surface of the substrate. The substrate is generally significantly hotter than the 
carrier gas, which helps to minimise the effect of gas phase reactions.  
1.5.2 Reaction sites in CVD 
For the thin films grown in this project, a cold-walled CVD reactor was used. In the 
reaction chamber itself two types of broad reaction can occur; homogeneous gas 
phase reactions and heterogeneous vapour-solid phase reactions. Due to the use of 
a cold-walled reactor, the homogenous gas phase reactions are significantly 
reduced meaning that only the vapour-solid phase reactions need be considered 
from a mechanistic point of view.62 
1.5.3 Film growth mechanisms 
The kinetics of any given CVD process is complex. There are, however, models 
which help describe the most likely explanations for some of the different 
morphologies observed in CVD processes.63 
 
Figure 1.04: Pictorial representations for some of the different growth patterns in Chemical 
Vapour Deposition processes.  
The Frank-van der Merwe mechanism, Figure 1.04 (a), proceeds layer by layer, with 
the atoms in the film being more strongly attracted to the substrate than to each 
other. The Volmer-Weber mechanism, Figure 1.04 (b), proceeds through an island 
growth mechanism, with the atoms in the deposited film being more strongly 
attracted to each other than the film. The Stranski-Krastanov mechanism, Figure 
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1.04 (c), is between the two extremes, proceeding initially by a layered growth 
followed by an island type growth thereafter.   
1.5.4 Film growth rates 
In APCVD processes the rate of film growth is governed by two factors, the mass 
transport of precursors into the reactor and the surface kinetics of the reaction. The 
mass transport can be controlled by the rate precursors arrive at the substrate 
surface, it also has a maximum theoretical rate. The surface kinetics are controlled 
by the temperature of the substrate, initially a higher substrate temperature will 
increase the reaction rate due to increased decomposition of precursors. The rate 
can slow, however, due to increased desorption of precursors or exhaustion of 
precursors at very high deposition temperatures.  
1.5.5 Fluidised Bed Chemical Vapour Deposition  
Fluidised Bed Chemical Vapour Deposition (FBCVD) is a commonly used process 
in industry to coat powders for corrosion resistance.41, 54, 64-67 FBCVD has also been 
used to synthesise carbon nanotubes.68-71 It is not a commonly used laboratory 
technique, however, and so there has been little published on the ability to deposit 
materials beyond corrosion resistant coatings and carbon nanotubes.  
1.5.5.1 Processes involved in Fluidised Bed Chemical Vapour Deposition 
The FBCVD syntheses presented here work on the same principles as those 
outlined for Atmospheric Pressure Chemical Vapour Deposition (APCVD).  
For an FBCVD process, there are several factors that must be considered. Due to 
the reactor being at, or close to, atmospheric pressure the chemical precursors 
must be either low melting solids or volatile liquids. The precursors are carried to the 
reactor by a heated stream of an inert carrier gas, usually nitrogen. The substrate to 
be coated needs to be heated too. This is to ensure that there is sufficient energy 
for the nucleation of reactive species. As the APCVD and FBCVD reactions are very 
similar in terms of precursor types, reaction temperatures and transportation of the 
precursors to the reactor, it is likely that similar film growth mechanisms are 
observed for each system. The final consideration for a fluidised bed process is the 
fluidisation of the substrate to ensure uniform coverage by the precursors.  
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1.5.5.2 Geldart Fluidisation groups: 
Fluidisation of the substrate relies on the ability of a stream of gas to apply sufficient 
pressure to cause a powdered solid to attain fluid like properties- in a fluidised bed 
reactor this means that the solid substrate becomes free-flowing under the force of 
gravity. One of the main considerations in the fluidisation process is the choice of 
substrate to be fluidised. Substrates can be sorted into Geldart Groupings.72 This 
gives 4 groups of substrate type, based on the density difference and mean particle 
size.  
The 4 groups can be summarised as:  
A) Small particle sizes (20-100 μm) and low density (typically < 1.4 g/cm3). This 
group tends to show an increase in the bed expansion prior to fluidisation, 
due to a decrease in bulk density. The particles are poorly cohesive.  
B) Intermediate particle sizes (40-500 μm) and medium density (1.4-4 g/cm3). 
This group does not show a large increase in the bed expansion before 
fluidisation occurs. The particles are poorly cohesive. 
C) Very small particle sizes (10-30 μm) and very high cohesion between 
particles. Very difficult to fluidise, normally requires application of a 
mechanical force as well as gas pressure.  
D) Large particles (> 600 μm) and very high densities. Fluidisation requires high 
fluid energies and results in high levels of abrasion. These types of particles 
are usually deposited in shallow or spouted bed designs.  
Typically, Geldart groups A and B are favoured for fluidised bed processes as these 
are easily fluidised and do not require additional mechanical elements in the design 
of the reactor.    
1.5.5.3 Fluidised Bed Reactor Designs:  
There are 5 types of fluidisation bed reactor designs. Of these types, the reactors 
can be loosely divided into those that rely solely on the gas flow and those that 
require additional mechanics to initiate fluidisation.56  
For the reactors that rely solely on gas flow, there are stationary/bubbling and 
circulating fluidised bed reactors. The bubbling reactors can use low or high gas 
flows, with the solids either remaining relatively stationary or suspended in the bed. 
The circulating fluidised bed has a higher gas flow, therefore the solid is suspended 
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within the bed. This means that the surface of the bed is much less smooth, and 
particles can become entrained from the bed. In the circulating design, the entrained 
particles can be recirculated back into the bed through the use of cyclones. Both of 
these reactor designs are only suitable for Geldart group A and B types.   
The remaining fluidised bed designs all rely on a mechanical element to ensure 
fluidisation of solids within the bed. These are vibratory fluidised beds, flash reactors 
and annular fluidised beds. Vibratory fluidised beds are similar in principle to 
bubbling beds, with the addition of a vibrating bed to help achieve fluidisation of the 
particles. Flash reactors work at much higher gas velocities than other reactor 
types, this means that the solid particles can achieve similar velocities to the gas 
which allows denser/more cohesive particles to be coated uniformly- this come at 
the expense of the heat distribution. Annular fluidised beds have a large nozzle at 
the centre of the bed that allows for a high velocity gas to be injected directly into 
the fluidised bed- once again this enable dense/highly cohesive particles to be 
fluidised. Although the mechanical reactor bed types allow the fluidisation of Geldart 
groups C and D to be achieved, this comes at with additional cost and complexity 
meaning that these designs are only suitable if the substrate to be coated must 
have cohesive properties or a high mass/density.    
1.6 Hydrothermal Synthesis 
Hydrothermal synthesis is a commonly used technique for the production of 
nanoparticles,73-75 zeolites76-78 and metal organic frameworks.79-81 As with CVD 
techniques, there are several different methods to produce materials, these include 
the use of templates,82, 83 surfactants84, 85 and continuous hydrothermal 
techniques.86-88   
Hydrothermal treatments of VO2 sol gels can lead to the formation of nanoparticles 
with interesting morphologies. Liu et al. have reported on the formation of VO2 
powders from a hydrothermal treatment of V2O5 powders followed by annealing 
under a N2 atmosphere.
89 This led to the formation of clusters and nanosheets 
which were shown to have thermochromic properties. 
Munoz-Rojas et al. have also reported on hydrothermal synthesis of VO2. In this 
study, clusters of hydrated VO2 (VO2·H2O) were formed from the hydrothermal 
reaction of V2O5 and hydrazine.
90 These clusters were then annealed under an N2 
atmosphere to produce VO2 nanoparticles. Clusters that were initially formed with a 
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hydrothermal synthesis temperature of 50 °C showed interesting hollow sphere 
morphologies and were also shown to have good thermochromic properties.  
Ji et al. have reported on the hydrothermal treatment of V2O5 with H2O2 to 
synthesise the hydrated form, this was followed by reduction with hydrazine and 
annealing under an N2 atmosphere.
27 This produced phase pure VO2 nanoparticles 
with thermochromic properties.  
Doping studies have also been performed under hydrothermal conditions, Gao et al. 
studied the effects of antimony doping on the size and shape of VO2 nanoparticles 
synthesised under hydrothermal conditions.26 It was found that the oxidation state of 
the antimony altered the size of the nanoparticle formed, with the Sb3+ causing the 
creation of a greater number of oxygen vacancies as the nanoparticles formed 
which resulted in a smaller crystal size. This was attributed to the Sb3+ having a 
greater atomic radius and lower oxidation state than V4+.  
1.6.1 Nucleation and growth of particles 
In a hydrothermal synthesis, there are 3 main processes that occur, these are as 
described by the LaMer model of nanoparticle formation.91 The first step is the 
formation of a precursor solution; the formation of the precursor solution is often 
achieved through sol-gel synthesis. The solution is then either put into a sealed 
autoclave and heated to the desired temperature for a certain amount of time (this is 
known as a batch hydrothermal process); or a continuous hydrothermal process can 
be used, here the precursor is feed into a stream of super-critical (or superheated) 
water, where rapid hydrolysis and dehydration occurs.86  
Regardless of the hydrothermal process employed, the next two steps are 
nucleation of particles, where the particles spontaneously nucleate in solution 
forming larger clusters. This then leads to particle growth, where the small clusters 
grow by consuming the precursor solution surrounding them. This is summarised in 
Figure 1.05  
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Figure 1.05: LaMer model of nanoparticle formation from aqueous conditions. Where, a) 
generation of atoms, b) self-nucleation of particles, c) particle growth, Cs = saturation 
concentration, Cmin = minimum concentration for particle nucleation, Cmax = critical limiting 
supersaturation and Ccrit = critical concentration. 
This process can also be described by a Gibbs energy plot for the nucleation of 
particles, Figure 1.06. Gibbs energy describes the thermodynamic processes that 
act during particle formation and growth. For nanoparticle synthesis (from a solution 
containing individual atoms) the reaction proceeds by the removal of solvent 
molecules from the precursor followed by the formation of a lattice by the precursor 
molecules. While the formation of a lattice reduces the overall free energy, releasing 
energy in the process, the removal of solvent molecules requires the input of 
energy. The change in Gibbs energy for the nucleation and growth of nanoparticles 
from solution can be expressed as the sum of these changes in energy, Equation 
1.1.92, 93 
𝛥𝐺 =  −
4
3
𝜋𝑟3𝛥𝐺𝑣 + 4𝜋𝑟
2𝛾      (1.1) 
Where: ΔG is the change in Gibbs energy; r is the particle radius; ΔGv is the free 
energy change associated with the change in volume by the formation of the 
nanoparticles; γ is the surface energy of the nanoparticles.  
Chapter 1 
Introduction 
 
35 
 
Briefly, in order for a process to be favourable, the overall change to the Gibbs 
energy must be negative. For the formation of nanoparticles from solution, there are 
two competing factors. The first is the surface free energy (ΔGs) which acts against 
nucleation and the second is the volume free energy (ΔGv) which favours nucleation 
and particle growth. For particles to spontaneously nucleate from solution, a critical 
energy (ΔG*) must be overcome. In hydrothermal processes, this is achieved 
through the use of high reaction temperatures and pressures.   
The growth of the nanoparticles, in hydrothermal processes, can be controlled 
through the use of surfactants,84, 85, 94, 95 concentration of precursor solutions,96, 97 
pH,96, 98 temperature,99, 100 use of templates/directing agents,101-103 length of 
hydrothermal treatment99, 104, 105 and the use of dopants.106, 107  
 
 
Figure 1.06: Gibbs energy plot, where: R = particle radius, R* = critical particle radius, ΔG* 
= critical free energy for spontaneous particle nucleation (barrier energy to formation of 
nanoparticles).  
1.6.2 Sol-gel synthesis of VO2 
As hydrothermal techniques are solution based reactions, a discussion of sol-gel 
techniques is essential to understand the differing methods for producing VO2 from 
solution based methods. A sol-gel is a colloidal solution that contains the precursors 
for the material in-situ. In a review of VO2 production techniques, Nag et al. state 
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that sol-gel techniques are employed due to the ability to cover wide areas at low 
cost and also the possibility of metal doping.108 
In 1983 Greenberg reported on the formation of VO2 via gel hydration.
109 In this 
synthesis slides were dip-coated into a solution containing vanadyl triisopropoxide, 
and subsequently reduced. The VO2 films were then analysed using XRD and 
UV/Vis spectroscopy. 
The earliest VO2 sol-gel synthesis was reported with the use of either 
oxoisopropoxides or butoxides. Lakeman et al. stated that this was because the 
annealing conditions were more important for the formation of the correct oxidation 
state on the vanadium metal than the initial precursors.110 Speck et al. reported in 
1988 on the formation of VO2 thin films via a sol-gel process.
111 In this study, a sol-
gel was formed via the reaction of vanadium (IV) chloride and lithium diethylamide, 
this was followed by a the addition of isopropoxide to give a vanadium tetra-
isopropoxide sol. Slides were then dip-coated into the prepared sol-gel and 
annealed between 400-700 °C under a nitrogen atmosphere.   
Keppens et al.112 and Yin et al.113 have reported on an aqueous sol-gel route to VO2 
thin films. This involves the addition of molten V2O5 to distilled water. Slides were 
dip-coated into the resulting sol-gel, before been heated in a reducing atmosphere 
(CO:CO2 = 1:1) and finally been annealed under nitrogen to give VO2. An advantage 
of this sol-gel synthesis is the ability to add other water soluble dopants into the 
sol.114 Sol-gel synthetic techniques have since been refined to allow the production 
of VO2 in fewer steps. Partlow et al. successfully obtained VO2 thin films from a sol-
gel of vanadium oxide isopropoxide [VO(OC3H7)3], the film characteristics were 
tested by XRD, UV/Vis spectroscopy and SEM, showing that the films were 
thermochromic and having a phase transition between monoclinic and tetragonal at 
~68 °C.115 
Huang et al. have also described a sol-gel route to VO2 nanotube arrays,
116 in this 
synthesis ammonium metavanadate [NH4VO3] was reacted with oxalic acid [H2C2O4] 
to give a dark blue solution, this was then annealed under a N2 atmosphere to 
obtain VO2 nanotubes. A third sol-gel route towards VO2 was described by Pan et 
al. this route involved the addition of [VO(acac)2] to methanol.
25 As with the first 
synthetic route, this method required no reduction of the vanadium centre, as the 
vanadium is in the 4+ state in [VO(acac)2]. All previous sol-gel routes had to 
incorporate an annealing step under a N2 atmosphere.   
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1.7 Doping of VO2 to decrease the MST 
Although V2O3
10 (MST = -123 °C/ 150 K) and V2O5
2 (MST= 350 °/ 623 K) show the 
same switching behaviour, VO2 has the closest phase transition to room 
temperature ~ 68 °C. This temperature is, however, too high for use in solar control 
coatings.  
The temperature of the MST can be altered by including dopants in the crystal 
lattice. Dopants incorporated into VO2 have included W
6+,32, 57, 117 Nb5+,9, 43, 118 
Mo5+,23, 31, 119 Fe3+,120 Ti4+,121, 122 Cr3+,4, 123 F-124 and Mg2+.30, 125 It was found that Fe3+ 
and Ti4+ increased the MST temperature whereas W6+, Nb5+, Mo5+, F˗ and Mg2+ 
decreased the MST temperature. The largest decrease in the MST temperature was 
found to be for W, where for each atom 1%  incorporated into the crystal lattice the 
MST temperature decreased by ~25 °C.57, 126 Doping with metals such as W6+ does 
have a maximum atom %, this is because W is only partially soluble in solid 
solution. Above 2.8 at% the W begins to form islands within the crystal lattice.33 
When VO2 is doped with metals, it can be observed that the ionic radius plays a key 
role. Ions with an ionic radius larger than V4+ (0.058 nm), such as W6+ (0.060 nm) 
and Nb5+ (0.078 nm), tend to reduce the MST switching temperature. Ions with an 
ionic radius smaller than V4+, such as Ti4+ and Al3+,122, 127 tend to increase the MST 
switching temperature. The explanation for this behaviour is that the larger ions 
ensure that the vanadium centres stay in the V4+ state. Smaller ions on cause the 
formation of V5+ defects within the lattice, although no reasons are presented for 
why this increases the MST temperature.  
A second more in depth explanation examines the effect of oxidation state on the 
band structure. In this theory, as postulated by Goodenough, the incorporation of 
dopant ions into the crystal lattice forms a secondary phase in between the semi-
conducting and metallic phases.7 These phases are either associated with the 
monoclinic or tetragonal crystal structure. Goodenough argued that low valent ions 
form a second semi-conducting phase that is monoclinic and so increases the MST 
switching temperature, whilst high valent ions form a phase that is tetragonal in 
nature and so decrease the MST switching temperature.  
These observations can further be supported by considering the contribution of d 
electrons from the dopant ions into the band structure of the crystal lattice. High 
valent cations, such as W6+, Nb5+ and Mo5+, are able to interact through π orbitals. 
As the electrons around a 3rd row transition metal are loosely held, the W ion has 
electron density available to donate. These electrons have an energy similar to the 
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π* orbitals of the V atom. Increasing the electron density in the π* orbital 
destabilises the monoclinic phase as it weakens the V-V bonds. This also has the 
effect of charge compensation as the formal oxidation state on the vanadium atoms 
becomes V3+. This has the effect of lowering the MST switching temperature. The 
same is true for anions such as F-. This is as stated by Goodenough7 and Tang et 
al.126 
Low valent cations tend to be stabilise the antiferroelectric distortion, as the electron 
density on these cations interact with the π orbitals on the V atoms, strengthening 
the V-V bonds. Coupled to this the monoclinic phase has co-ordination sites that are 
more suited to low valent ions. This explains why ions, such as Cr3+, tend to 
increase the MST switching temperature. This is as argued by Pan et al.25 and 
Burkhardt et al.128 
VO2 displays a hysteresis loop as the phase changes from monoclinic to tetragonal. 
This hysteresis loop can be monitored via UV/Vis spectroscopy, XRD and Raman 
spectroscopy. Ideally the hysteresis loop should be over a small as possible 
temperature range for the purpose of using VO2 in solar control coatings. The 
addition of dopants, such as W6+, increases the hysteresis loop.129 As this increase 
in the hysteresis loop is undesirable, recent research has focused on reducing both 
the MST temperature and the hysteresis loop. One method for achieving this is by 
co-doping the VO2. Co-doping systems such as W and Ti, have been shown to 
successfully reduce both the temperature and hysteresis loop in the VO2 thin films. 
Takahashi et al. co-doped VO2 thin films with W and Ti. This study suggested that 
the reduction in the hysteresis loop was due to mechanical stress factors and not an 
electronic interaction.130 
 As well as altering the MST temperature and hysteresis loop width, doping can 
cause other changes to the characteristics of VO2 thin films and powders. One such 
property that has been shown to be affected is the colour of the film produced.24, 57, 
117, 124 This is purely an aesthetic property but an important issue regarding the use 
of VO2 films as solar control coatings. Undoped VO2 thin films are a yellow/brown 
colour, this has two effects, firstly it diminishes the amount of visible light being 
transmitted by the windows and secondly brown is an undesirable colour for use in 
windows in buildings. The colour of the films can be altered upon doping, 
incorporation of W6+ ions lead to the films becoming blue in colour, as reported by 
Manning et al.57 and Peng et al.117 This occurs when there is roughly 2% atom 
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incorporation by weight. Rougier et al. state that the blue colour apparent in the W 
doped films are due to the inclusion of WO3 crystallites.
131 
Another method to alter the appearance of VO2 films is to incorporate F
- ions into 
the crystal lattice. In experiments by Kiri et al showed that as the % atom 
incorporation increases the films become transparent to visible light, due to the 
absorption band edge of the films moving towards the UV region, this is as argued 
by Burkhardt et al.132 The authors determined that due to the electronegativity of the 
fluorine there was a shift of the d bands to higher energy levels, the second reason 
argued is that as the fluorine destabilises the V4+-V4+ homopolar bonds by ‘injecting’ 
electron density into the V 3d orbitals. This causes the films to become transparent 
to visible light. The drawback of using F- ions into the films is that fluorine doping 
has little effect on the MST switching temperature.124 
Co-doping of W and F into the VO2 lattice has been shown to improve the 
transmission of visible light whilst also bringing down the MST switching 
temperature of the deposited films.128, 132 This suggests that the F and W act 
independently of each other on the VO2 crystal lattice, with the F
- ions affecting the 
band onset of the VO2 whilst the W
6+ destabilises the monoclinic phase by its 
interactions with the π* orbitals of the V4+ centres. The main drawback of a method 
such as this is that it requires extra steps in order to be produced and so increases 
the costs of producing films; this would have a direct knock-on effect to the 
consumer in the cost of the product which could become prohibitive. 
Doping of Mg has also been shown to improve the visible light transmission of VO2 
materials.30, 133, 134 Granqvist et al. have modelled the interaction of Mg with VO2 and 
suggested that the effect is similar to that seen with fluorine.134 As with the addition 
of fluorine, magnesium doping does not have a large effect on the MST phase 
transition temperature.  
1.8 Reduction of the MST in VO2 thin films through strain effects 
The MST switching temperature can be altered by strain effects within the material. 
Nagashima et al135 and Kikuzuki et al136 showed that by ensuring a lattice mis-match 
between the substrate and VO2 crystal lattice, the resulting strain effect made the 
MST switching temperature decrease. This is due to the difference in energy states 
between the monoclinic and tetragonal phase. By using a tetragonal TiO2 phase 
(rutile), this ensured that the tetragonal phase of VO2 was energetically favoured.  
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Muraoka et al. performed a series of depositions of VO2 onto TiO2 substrates.
137 It 
was found that the MST temperature was altered due to the strain effects created by 
the lattice mismatch between the film and substrate, with films grown on a (001) 
TiO2 substrate having a decrease in the MST temperature due to in-plane tensile 
stress, while films grown on a (110) TiO2 substrate showed an increase in the MST 
temperature. 
Strain effects are also present when an extremely thin film <100 nm is deposited 
onto a substrate. Cao et al have reported on the reduction of the MST to room 
temperature due to the use of strain effects alone.138 In this study, single crystals of 
VO2 were grown and subjected to strain effects. It was found that by the application 
of strain, the MST temperature could be brought down to around room temperature. 
Gregg et al. have also reported on strain effects VO2.
139 In this study thin films of 
VO2 were grown on α-Al2O3 substrates. Strain was then applied mechanically to the 
substrates and the effect on the resistance of the VO2 films was measured. The 
reason that strain has an effect on the MST temperature in VO2 is due to the system 
trying to reduce the energy in the crystal lattice, as extra strain energy is applied the 
crystal lattice adopts a higher symmetry formation, this lowers the energy of the 
system.140  
A further way to control the metal to semiconductor phase transition switching 
temperature of VO2 is to change the size of the crystallites. This is due to the effect 
of strain on the phase transition. Highly strained surfaces will be stabilised by 
adopting the least strained crystal formation. This means in a VO2 system the MST 
temperature can be lowered due to strain effects. Kiri et al. noted that when F-
doping VO2 the reduction in the MST temperature was most likely due to an 
increase in the strain of the films.124  
Nagashima et al. have also studied the effects of strain on the MST temperature in 
VO2.
141 It was found that the film thickness could be used to lower the MST, with 
films with a thickness of 15 nm or less showing the MST at 300 K as opposed to 
341 K for bulk VO2. This was attributed to the effects of strain on the film surface. 
Samples with a thickness of less than 15 nm showed very few cracks in the 
morphology of the film, whereas samples with thickness greater than 15 nm showed 
many cracks in the morphology. This suggests that thicker samples have less strain 
than thinner samples, this means that thinner samples have a higher surface energy 
and will tend towards the lowest energy configuration. As these films were grown on 
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TiO2 (001) the tetragonal phases have a greater phase match than the monoclinic 
on tetragonal and so the semi-metallic tetragonal VO2 phase is favoured.  
1.9 Composite and multi-layered VO2 thin films 
VO2 thin films have been synthesised on TiO2 supports. This can also infer 
increased chemical stability and can also create multifunctional films due to the 
photoinduced superhydrophilicity of TiO2 under UV irradiation and the anti-microbial 
nature of such films.142  
Qureshi et al. reported on composite films of TiO2/VO2 produced by APCVD.
143 It 
was found that a multi-functional thermochromic and self-cleaning film could be 
produced from a chemical vapour deposition route. Wilkinson et al. reported on the 
combinatorial APCVD of VO2/TiO2 films.
144 It was found that the incorporation of V4+ 
into the TiO2 lattice resulted in a decreased photocatalytic activity. However, the 
incorporation of Ti4+ into the VO2 lattice resulted in a decrease in the MST, most 
likely due to increased strain within the films as a result of the lattice mis-match 
between the VO2 and TiO2 crystallites.  
Chen et al. reported on the use of TiO2 and SiO2 layers in VO2 films to act as anti-
reflection coatings.145 It was found that the thickness of the TiO2, SiO2 and VO2 films 
strongly controlled the observed thermochromism. The inclusion of TiO2 enabled the 
transmission of visible wavelengths to be increased whilst maintaining good 
switching properties. Huang et al. have reported on the synthesis of a SiO2/VO2, 
TiO2/VO2 and ZrO2/VO2 thin films via sol-gel methods.
146 In all cases, the inclusion 
of a material with a different refractive index led to an improvement in optical 
properties when compared with a single VO2 analogue. The optical properties were 
dependent on film thickness, with the thinnest VO2 depositions showing the greatest 
visible light transmission.  
1.10 Properties of VO2 nanoparticles 
VO2 nanoparticles have been synthesised by sol-gel,
147, 148 hydrothermal26, 90 and 
ion-implantation techniques.149, 150 Nanoparticles of VO2 have received much 
attention over recent years due to the possibility of alleviating the poor visible light 
characteristics and improving the colour of VO2 solar control coatings.
151  
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1.10.1 Altering the optical properties of nanoparticles 
The functional properties of VO2 can also be altered by the growth of nanoparticles. 
As nanoparticles tend to be highly strained, the MST switching temperature can be 
lowered through the control of the particles growth rate. Another area that is 
becoming increasingly researched is the optical characteristics of nanoparticle VO2. 
VO2 is a brown colour, which is undesirable, if nanoparticles are grown that are 
smaller than the wavelength of visible light then the particles will not absorb in the 
visible range of the electromagnetic spectrum and the powders/films produced will 
be transparent to visible light.  
Li et al. have shown through experimental work and calculation that nanoparticular 
VO2 is able to transmit visible light with high efficiency whilst still remaining the 
thermochromic nature of the material.152 
Li et al. have also conducted calculations into VO2 core-shell structures.
153 This 
work focused on taking an SiO2 shell and coating it with VO2, the functional 
properties of these systems were then calculated and compared against 
experimental data. It was found that thin-walled VO2 nanoshells showed the same 
thermochromic properties as solid nanoparticles. It was noted that the core-shell 
VO2 had a decrease in the transmission of visible light.  
Appavoo et al. studied the effects of crystallite size on the hysteresis width of the 
transition between the monoclinic and tetragonal phases of VO2 using Plasmon 
Resonance Spectroscopy.154  Here it was found that the larger the crystallite size 
the smaller the hysteresis width of the transition between the monoclinic and 
tetragonal phases, this was attributed to the number of defects in the structure that 
could act as nucleation sites for the atomic rearrangement that occurs when a 
phase change happens. Larger particles have fewer grain boundaries, which results 
in the creation of a greater number of defects and hence more nucleation sites.  
Zhou et al. reported on the Mg-doping of VO2 nanoparticles by a hydrothermal 
synthesis.30 When XRD studies were combined with density functional theory 
calculations, it suggested that the primitive cell of the VO2 increased on the addition 
of Mg into the lattice, as well as this the a and b cell parameters increased whilst the 
c parameter decreased suggesting a greater amount of strain in the doped films 
when compared with the non-doped systems.  
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1.10.2 Core-shell VO2 nanoparticles 
The synthesis of core-shell VO2 nanoparticles can allow for the fine tuning of optical 
properties, resistance to chemical attack and improvement in the solar modulation 
of the VO2. Gao et al. reported on core-shell of SiO2/VO2 structures.
155 It was found 
that by the addition of the SiO2 shell, the transmittance of the material could be 
increased by ~20%, which would enable the films to have a lighter colour making 
them more applicable for use in fenestration. The drawback with this technique is 
that it also reduces the intensity of the thermochromic response.  
Li et al. have also published on the core/shell route, using SiO2/VO2 structures.
28 In 
this study, a hydrothermal synthesis first produced VO2(B) nano-plates this was 
followed by a post-annealing step to produce VO2(M), the plates were produced 
either with an SiO2 shell or just as pure VO2. In this study it was found that the 
inclusion of the SiO2 shell increased the intensity of the thermochromic effect. This 
effect was attributed to the development of nano-pores during the annealing 
process, as VO2(B) has a lower density than VO2(M), this meant that there was a 
greater surface area and so a larger thermochromic effect. 
1.11 Thesis outline 
This thesis focuses on the synthesis of VO2 thin films multi-layers and nanoparticles 
for use as thermochromic materials for solar modulation in building architecture. The 
development of a new precursor route to CVD of VO2 thin films will be introduced 
and discussed. This will lead on to the production of multi-layered and multi-
functional VO2 thin films, with a discussion of the improvement observed in the 
properties of the multi-layered films when compared to single layer VO2 analogues.  
The design of a fluidised bed CVD reactor will be introduced. This reactor was 
designed especially for this research project. Initial reactions will be introduced and 
discussed, with deposition of TiO2 onto powder substrates used as a case study to 
demonstrate the system.  
Finally, the use of continuous flow hydrothermal synthesis for the production of VO2 
nanoparticles will be demonstrated. Both undoped and Nb-doped VO2 systems will 
be discussed, with explanations given for the differences observed in properties and 
morphologies of the nanoparticles. Finally, the results discussed in this thesis are 
summarised with potential future work from the results obtained.   
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Chapter 2: Depositions of thin films of VO2 by Atmospheric Pressure 
Chemical Vapour Deposition 
2.1 Introduction 
Atmospheric Pressure Chemical Vapour Deposition (APCVD) is a commonly used 
industrial technique for the deposition of thin films onto substrates. These thin films 
often serve a functional purpose, such as TiO2 thin films which give self-cleaning 
properties when deposited onto glass substrates.156, 157 APCVD has also been 
demonstrated for depositing films of VO2 onto glass substrates.
16, 18, 58 An issue, 
however, with the use of thin films of VO2 is the yellow/brown colour of the films, 
which is aesthetically unpleasing and results in a decrease in the transmission of 
visible wavelengths.30, 121, 151  
Modelling of VO2 systems have suggested that a possible route to diminish the 
effect of the colour would be the production of very thin films (<100 nm).135 As the 
films should be weakly absorbing of visible wavelengths, but still interact with near 
IR wavelengths.151 Groups working on such thin films are primarily using reactive 
magnetron sputtering.9, 147, 158  
Thin films of monoclinic VO2 have been deposited by sol-gel,
24, 111, 114 magnetron 
sputtering,9, 159, 160 aerosol assisted chemical vapour deposition43, 61, 124 and 
atmospheric pressure chemical vapour deposition.16, 52, 161 APCVD was the chosen 
method for producing the VO2 films deposited for this chapter due to the fast growth 
rates, uniform coverage, high crystallinity and inexpensive precursors used in the 
APCVD process.162   
Being able to reliably deposit thin films of VO2 (<100 nm) by APCVD would allow for 
development of thermochromic technologies. VO2 thin films, from APCVD, have 
been previously deposited by the reaction of VCl4 and H2O,
16 VOCl3 and H2O
58 and 
[VO(acac)2].
163 The use of ethyl acetate as an oxygen precursor for APCVD has 
been previously demonstrated for TiO2 thin films,
157 but not for VO2. Presented in 
this chapter are VO2 thin films deposited by the reaction of VCl4 and ethyl acetate.  
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2.1.1 The Atmospheric Pressure Chemical Vapour Deposition reactor 
The APCVD syntheses reported here were deposited on a horizontal cold-walled 
reactor. The reactor design is shown schematically in figure 2.01. The precursors 
were contained in bubblers under nitrogen (N2) gas flow, which was used as a 
carrier gas. The bubblers consisted of stainless steel cylinders with brass jackets 
and heating bands. All lines were heated using heating tapes (Electrothermal 400 
W, 230 V). The precursors were mixed in stainless steel mixing chambers. The 
temperature of all components of the system was controlled by k-type 
thermocouples with Thermotron controllers.  
 
 
Figure 2.01: Schematic diagram showing the Atmospheric Pressure Chemical Vapour 
Deposition rig.  
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2.2 Synthesis of VO2 thin films by APCVD 
2.2.1 Aim 
To determine whether thin films (<100 nm) can be achieved by the reaction of VCl4 
and ethyl acetate in APCVD conditions. To ascertain the growth mechanism and 
rates of the VO2 thin films. To determine how the thickness of the films affects the 
thermochromic and visible light transmission of the VO2.  
2.2.2 Experimental  
For the following reactions the vanadium precursor source used was vanadium (IV) 
chloride (VCl4, 99.9%) and the oxygen precursor source used was ethyl acetate 
anhydrous (C4H8O2, 99.8%) both precursors were purchased from Sigma Aldrich 
UK. All chemicals were used without additional treatment. Glass-substrates 
consisted of a 3.4 mm silica coated barrier glass (50 nm SiO2 layer) obtained from 
Pilkington. The glass substrate was 90 x 300 mm. Prior to deposition all substrates 
were cleaned with acetone, 2-propanol and water and left to air dry. Oxygen-free 
nitrogen (99.9 % purity) was purchased from BOC and used as the carrier gas for all 
reactions. 
For the synthesis of VO2 layers, VCl4 was placed in bubbler 1 and ethyl acetate was 
in bubbler 2. Bubbler 1 and 2 were heated to 80 and 40 °C respectively. This 
achieved a suitable vapour pressure from the precursors, as determined from the 
vapour pressure equation, equation 2.1.162 
                 𝑎 =
𝑉𝑝 × 𝐹
(760−𝑉𝑝)×24.4
                (2.1) 
Where, a is the amount of material introduced (in mol min-1), Vp is the vapour 
pressure of the material at the temperature in the bubbler (mmHg),164  F is the flow 
rate of the carrier gas (L min-1).  
2.2.3 Initial reactions 
Initial depositions of vanadium oxide films were performed using the vapour 
pressures established for TiCl4 reacting with ethyl acetate to synthesise TiO2 thin 
films. It seemed likely that the formation of VO2 would be favoured by the same 
mass transport of precursors to the APCVD reactor. In a typical APCVD reaction to 
form TiO2 from TiCl4 and ethyl acetate, an excess of ethyl acetate has been found to 
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give reproducible results.165 This gives a ratio of 1:2.4 TiCl4: ethyl acetate. 
Therefore, a ratio of 1:2.4 was also used for the reaction of VCl4: ethyl acetate. The 
deposition lengths were also fixed initially at 3 minutes, as this gave a reasonable 
mass flow of precursors into the reaction chamber, ensuring that the films deposited 
would be of a reasonable thickness for analysis.  
 
2.2.4 Sample Descriptions for thin film studies 
In a typical synthesis, the reactor was set to 550 °C (ramp rate 7 °C min-1). The 
plain N2 gas flow set to 20 L min-1 and the plain flow lines heated to 200 °C. The 
mixing chamber was set to 150 °C. For the deposition of VO2, the VCl4 bubbler was 
set to 80 °C and had a N2 gas flow set at 0.7 L min
-1. The C4H8O4 bubbler was set to 
40 °C and had a N2 gas flow set at 0.2 L min
-1. Depositions would last between 15 
seconds and 3 minutes. After a deposition, the sample would be left to cool under a 
flow of nitrogen and would only be removed when the temperature was below 90 
°C. Sample descriptions and synthesis conditions are summarised in table 2.1. The 
thin films were characterised as deposited, there was no post-treatment of any of 
the films.  
Name Description  Deposition length  
VO2-1 VO2 thin film on glass 15 seconds 
VO2-2 VO2 thin film on glass 30 seconds 
VO2-3 VO2 thin film on glass 1 minute 
VO2-4 VO2 thin film on glass 3 minutes 
Table 2.1: Sample descriptions and deposition lengths for VO2 depositions on glass 
substrates.  
2.2.5 Film Characterisation 
X-ray diffraction (XRD) studies were carried out using a Bruker-Axs D8 (GADDS) 
diffractometer. The instrument operates with a Cu X-ray source, monochromated 
(Kα1 and Kα2) and a 2D area X-ray detector with a resolution of 0.01º (glancing 
incident angle, θ = 0.3º). The diffraction patterns obtained were compared with 
database standards from the Inorganic Crystal Structure Database (ICSD), 
Karlsruhe, Germany. Raman spectroscopy was carried out using a Renishaw 1000 
spectrometer equipped with a 633 nm laser. The Raman system was calibrated 
using a silicon reference. UV/vis spectroscopy was performed using a Perkin Elmer 
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Lambda 950 UV/Vis/NIR Spectrophotometer. The transmission spectra were 
recorded directly on the films as deposited, held in a specially designed heating cell 
allowing the beam to pass through the sample directly into the integrating sphere. 
A Labsphere reflectance standard was used as reference in the UV/vis 
measurements. The heating of the samples for thermochromic measurements in the 
UV/Vis spectrometer was achieved by an aluminium temperature cell controlled by 
RS cartridge heaters, Eurotherm temperature controllers and k-type thermocouples. 
Scanning electron microscopy (SEM) was carried out using a Jeol JSM-6700F and 
secondary electron image on a Hitachi S-3400N field emission instruments (20 KV) 
and the Oxford software INCA. X-Ray photoelectron spectroscopy (XPS) was 
performed using a Thermo Scientific K-alpha spectrometer with monochromated Al 
Kα radiation, a dual beam charge compensation system and constant pass energy 
of 50 eV (spot size 400 µm). Survey scans were collected in the range 0-1200 eV. 
XPS data was fitted using CasaXPS software, the vanadium 2p3/2 and O1s peaks 
were modelled with Gaussian functions. The Gaussian functions had a FWHM value 
of 1.8 and 1.7 for V5+ and V4+  respectively (with a tolerance of ±0.2) the oxygen had 
a FWHM of 1.8 (with a tolerance of ±0.2) these values were obtained from literature 
measurements.166, 167 
2.3 Results and Discussion 
2.3.1 Initial reactions 
Thin films of monoclinic VO2 were deposited by the reaction of vanadium (IV) 
chloride and ethyl acetate by APCVD. The overall reaction of VCl4 and ethyl acetate 
is described in equation 2.2. Previous APCVD reactions had used water as the 
oxygen source, with lower mass flow rates and slower film growth rates.31, 57, 58, 168 
                          VCl4 + C4H8O2  VO2 + by-products             (2.2) 
The mechanism by which VCl4 and ethyl acetate react is unknown. A possible 
mechanism involves the hydrolysis of VCl4 via decomposition of the  ethyl acetate to 
form ethenone (ketene) and ethanol and subsequent dehydration of ethanol to form 
ethene and water.169 Proposed mechanism route shown in equation 2.3.  
CH3COOC2H5  CH3CH2OH + C2H2O 
CH3CH2OH  H2O + C2H4 
                                 2H2O + VCl4  VO2 + 4HCl                         (2.3) 
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It can be seen from the above reaction that for each VCl4 molecule reacted, 2 
molecules of ethyl acetate must be decomposed for the formation of VO2. If the ratio 
of ethyl acetate were higher, the formation of V2O5 would be favoured. If the ratio of 
ethyl acetate were lower, the formation of V2O3 would be favoured.
2 The reaction 
outlined above will not be the only reaction occurring within the reactor chamber, 
therefore the oxygen precursor normally needs to be in excess to achieve the 
desired phase.62  
Table 2.2 outlines the deposition conditions and vanadium oxide phases identified 
for the initial reactions on the APCVD rig.  
Reactor Temp 
(°C) 
VCl4 
Mass flow rate 
(mol min-1) 
Ethyl acetate 
Mass flow rate 
(mol min-1) 
Phase(s) present 
550 0.00288 0.00554 Magneli e.g. V4O9, 
V3O7 
550 0.00288 0.00288 VO2(M) 
550 0.00554 0.00554 VO2(M) 
550 0.00554 0.00288 VO2(M) 
Table 2.2: Initial deposition conditions for the formation of vanadium oxide thin films by the 
reaction of VCl4 and ethyl acetate by APCVD.  
 
The higher flow rate of ethyl acetate resulted in the formation of an over oxidised 
vanadium oxide film, commonly referred to as a Magneli phase. These are crystal 
structures that contain a mix of vanadium oxidation states and do not display 
thermochromic behaviour.170, 171 This was a surprising result when compared with 
the TiCl4/ethyl acetate system, and is attributed to the greater reactivity of VCl4, 
which has been shown to have a higher rate of thermally induced decomposition 
when compared to TiCl4.
172 
With the remaining initial films deposited, the superior films were the ones deposited 
with a ratio of 2:1 VCl4: ethyl acetate. This was due to the films being monoclinic 
VO2 and also suffering the least from carbon contamination, which would make the 
films a darker brown colour. As VO2 films already suffer from poor visible light 
transmission, any increase in visible wavelength absorption is a particularly large 
problem in the synthesis of VO2 thin films.
125   
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The effect of deposition temperature on the phase of vanadium oxide achieved in 
the deposited films was also investigated. The temperature of the reactor was set to 
500, 525 and 550 °C, with VO2 films being deposited for 3 minutes for each sample. 
Whilst all reaction temperatures produced monoclinic VO2 films, the films produced 
at lower temperatures suffered from increased carbon contamination, as assessed 
by a visual inspection of the deposited films, and were also less reproducible than 
the films deposited at 550 °C. For this reason, for the subsequent thin films VO2 
depositions by the reaction of VCl4 and ethyl acetate by APCVD, the reaction 
conditions the temperature of deposition was set to 550 °C with the mass flow rates 
of the VCl4 and ethyl acetate being set to 0.00554 and 0.00288 mol min
-1 
respectively.   
 
2.3.2 Phase identification of depositions 
Thin films of monoclinic VO2 were deposited by the reaction of vanadium (IV) 
chloride and ethyl acetate under APCVD conditions. Depositions were varied 
between 15 seconds and 3 minutes. Sample descriptions can be found in Table 2.1.  
The VO2 thin films, deposited from APCVD, where characterised initially by XRD 
and Raman spectroscopy. The samples VO2-1 and VO2-2 were very thin and so did 
not defract X-rays well, figure 2.02 shows typical X-ray patterns for samples VO2-3 
and VO2-4. The peak at 27.8° corresponds to the (011) plane of VO2. The peak at 
37.1° can also be observed, which is assigned to the closely spaced group of the 
(202), (211) and (200) planes. As there were very few reflections, the XRD patterns 
were assigned using literature values (ICSD 34033). The data presented here is 
typical of VO2 thin films from CVD processes.
58, 61, 163 
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Figure 2.02: Typical XRD patterns for monoclinic VO2 thin films deposited by APCVD.  
Raman spectroscopy is a complementary phase identification technique to XRD. 
Being a more surface sensitive technique, compared to XRD, it can be used to 
elucidate the phases present in thin films. A typical Raman spectrum for VO2 thin 
films deposited by APCVD is shown in figure 2.03. The Raman shift values match 
those described by Barreca et al.173 The bands present at 142, 191, 221, 261, 303, 
337, 393, 487 and 614 cm-1 are within ± 2 cm-1 of the literature values. All bands 
present in the Raman spectrum are assigned to monoclinic VO2, with the bands at 
191, 221, 303, 337, 393, 487 and 614 cm-1 being assigned to the Ag mode, the band 
at 261 cm-1 being assigned to the Bg mode and the band at 142 cm
-1 being 
unassigned.174-177 The Raman band at 614 cm-1 is likely due to the stretching of V-
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O-V bridging bonds, with the other bands being due to the bending of V-O bonds.178, 
179 
 
Figure 2.03: Typical Raman spectrum for VO2 thin film deposited by APCVD.  
From all the Raman spectra the only phase identified was monoclinic VO2, there 
were no other primary phases (V2O3 and V2O5) or Magneli phases identified. From 
the XRD and Raman data, it can be concluded that phase pure monoclinic VO2 can 
be deposited by the reaction of VCl4 with ethyl acetate at 550 °C, although the XRD 
intensities suggest that the material is poorly crystalline.  
2.3.3 Morphology, growth mechanisms and growth rate 
Scanning Electron Microscopy was employed to determine the morphology, likely 
growth mechanisms and growth rates of the deposited films.  
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Figure 2.04: SEM images for VO2 films synthesised from APCVD; a) and b) 15 second 
deposition, sample VO2-1, c) and d) 30 second deposition, sample VO2-2, e) and f) 1 minute 
deposition, sample VO2-3, g) and h) 3 minute deposition, sample VO2-4.  
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The initial growth of the VO2 films, as shown in figure 2.04 (a) and (b), suggests that 
a Stranski-Krastanov mechanism is the most likely way in which the VO2 films grow 
in the reaction between VCl4 and ethyl acetate.
63 This is suggested by the mixture of 
layer like structures and island formations in the film. After 30 seconds, it can be 
clearly seen in the SEM image that an island type morphology is dominant. The 
films have also become less homogeneous at the larger scales, with figure 2.04 (d) 
showing that some of the islands are growing more quickly than their neighbours. 
After 1 minute deposition time, the only morphology present is a plate-like structure 
(figure 2.04 (e)). The film is now significantly rougher, as shown in figure 2.04 (f). 
The morphology of the thickest VO2 film is shown in figure 2.04(g) and (f). The 
morphology is similar to that seen in the 1 minute VO2 film, however, there is more 
hierarchical structuring in the thicker sample. It is also interesting to note that the 
particle sizes and morphology are more uniform in the 3 minute VO2 film when 
compared to the 1 minute VO2 film. This suggests that as the deposition length 
increases, there are competing factors to the orientation and growth of the film, with 
the longer deposition times favouring the formation of a more hierarchical 
morphology. There is also a definitive direction in the growth of the plate-like 
structures seen in the thicker sample, this was not apparent in the 1 minute sample.  
Taking all the SEM images together suggests that under the deposition conditions, 
there is a time dependence to the morphology present in the sample. With shorter 
deposition lengths favouring small, island type formations and smoother films, 
whereas longer deposition lengths favour large, plate like structures and rougher 
films.  
Island formations have been previously observed for VO2 films deposited by the 
reaction of VCl4 and H2O under APCVD conditions.
58 The plate-like structures were 
not observed in this study, but this could be due to the mass-flow rate of precursors 
into the reactor, as the use of ethyl acetate as the oxygen precursor results in much 
higher mass transport due to higher vapour pressures.  
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Figure 2.05: Side on SEM image for 3 minute VO2 film on glass, sample VO2-4. The surface 
roughness is demonstrated by the crystal growth from the surface of the film, with average 
heights of ~10 μm above the film. The average film thickness is ~1 μm. 
Side on SEM images were obtained for the 3 minute VO2 film, figure 2.05. The 
surface roughness of the thicker VO2 samples is even more apparent in this image, 
with crystal structures extending ~10 μm from the surface of the film. This is 
indicative of a Stranski-Krastanov type growth mechanism. Once the original layer is 
deposited the VO2 has appears to have a stronger adherence to itself than the glass 
substrate, resulting in the large formations apparent in the side on SEM image. This 
would help to explain why the films were poorly adherent and easily removed by 
lightly rubbing with a cloth.  
The main film can also be seen in the image, with a thickness of ~1 μm. This gives 
a growth rate of ~350 nm min-1 for the VO2 films grown.  
 
2.3.4 X-ray Photoelectron Spectroscopy 
To determine the oxidation state of the vanadium in the as deposited VO2 thin films, 
X-ray Photoelectron Spectroscopy (XPS) measurements were obtained. The 
binding energies for all elements were measured against carbon C1s (285.0 eV).  
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The surface vanadium oxidation state, as shown in figure 2.06, was a mixture of V5+ 
(517.2 eV) and V4+ (515.7 eV). These values have been previously quoted for 
vanadium oxide species in the literature.166 This is not a surprising result, as surface 
vanadium species will readily oxidise, and has been previously observed for 
monoclinic VO2 thin films.
180 
Sputtering of the films revealed that below the surface, the bulk of the film still 
contained a mixture of V4+ and V5+ species, figure 2.07. Although there is still 
vanadium 5+ present, it is difficult to determine the relative proportions of 4+ to 5+ 
due to the known loss of oxygen from a crystal lattice when etching films. It can be 
demonstrated, however, that there is vanadium present throughout the structure of 
the film.  
The relatively large proportion of V5+ species at the surface meant that the oxygen 
XPS signals had a large O-V5+ component. After ion etching, Figure 2.08, there is 
still a large O-V5+ component to the deconvoluted O1s XPS spectrum, but it can be 
seen that there is also a O-V4+ component to the signal- suggesting that there is 
VO2 present in the sample. The additional environment present in the spectrum is 
attributed to hydroxyl groups.   
 
Figure 2.06: Surface XPS spectrum for vanadium binding energy from VO2 thin film, 
deposited by reaction of VCl4 and ethyl acetate by APCVD at 550 °C. 
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Figure 2.07: V2p XPS spectrum after ion etching for 30 secs for VO2 thin film, deposited by 
reaction of VCl4 and ethyl acetate by APCVD at 550 °C. 
 
Figure 2.08: Typical O1s XPS spectrum for VO2 thin film, after 30 s of ion etching, deposited 
by reaction of VCl4 and ethyl acetate by APCVD at 550 °C.  
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2.3.5 Thermochromic properties of VO2 thin films 
Variable temperature UV/Vis/NIR spectroscopy was employed to probe the 
thermochromic properties of the deposited VO2 films. It is clear from the variable 
temperature UV/Vis transmission spectra (figure 2.09) that all the samples produced 
are thermochromic as the transmission of the films decrease when heated past the 
MST phase transition. All samples showed a reversible switch, returning to their 
original transmission values when left to cool to room temperature.   
Previous groups have published on the deposition of VO2 thin films. Blackman et al. 
reported on the deposition of monoclinic VO2 by APCVD.
181 In this study it was 
found that films of ~80 nm thickness displayed a 35% switch in transmission at 2500 
nm. Binions et al. have also reported on the deposition of monoclinic VO2 by 
APCVD.163 In this study films below 80 nm thickness displayed switching of up to 
25% at 2500 nm, films thicker than 80 nm showed a switch of between 25-50% in 
transmission at 2500 nm. Manning et al. have reported on the synthesis of VO2 from 
APCVD.32 In this study, typically the thin films showed a switch of 30% at 2500 nm, 
with one film showing a switch of 45% in transmission at 2500 nm. The samples 
described here show switching at 2500 nm of 10%, 20%, 25% and 50% for samples 
VO2-1 to VO2-4 respectively. It can be seen that although the thinner of the samples 
show a smaller switch than achieved by Blackman et al. the other values compare 
well with previously reported switching behaviour for VO2 thin films deposited by 
APCVD.  
Although the UV/Vis data clearly shows the thermochromic switching behaviour of 
the samples, it is unclear which of the samples has the highest solar modulation. 
Due to the fact that the Earth’s atmosphere absorbs certain wavelengths more 
strongly than others, one way to determine the modulation of thermochromic films is 
to apply weighted solar values to the data.134, 182, 183 The weighted solar spectrum is 
shown in figure 2.10. This accounts for ~99% of terrestrial solar energy, so is a 
good measure of the effectiveness of the switching in the films. 
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Figure 2.09: Variable temperature transmission UV/Vis spectra for (a) 15 second VO2 film, 
sample VO2-1, (b) 30 second VO2 film, sample VO2-2, (c) 1 minute VO2 film, sample VO2-3 
and (d) 3 minute VO2 film, sample VO2-4. All samples produced by reaction of VCl4 and 
ethyl acetate by APCVD at 550 °C. 
 
Figure 2.10: Weighted solar spectrum showing relative proportions of wavelengths that 
reach the Earth’s surface through the atmosphere. 
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The solar modulation values can be obtained from equation 2.4. 
𝑇𝑠𝑜𝑙
𝜎 =
∫ 𝐴𝑀1.5(𝜆)
2500 𝑛𝑚
𝜆=350 𝑛𝑚 𝑇
𝜎(𝜆)𝑑𝜆
∫ 𝐴𝑀1.5
2500 𝑛𝑚
𝜆=350 𝑛𝑚
(𝜆)𝑑𝜆
              (2.4) 
Where: 
𝑇𝑠𝑜𝑙
𝜎
 = Solar averaged transmittance 
λ = Wavelength of light (between 350 and 2500 nm) 
AM1.5 = Weighted solar irradiance spectrum, at a tilt angle of light on a south facing 
surface at 37° from horizontal 
Tσ = Transmission of VO2 thin film either hot (85 °C) or cold (25 °C) 
To normalise the solar averaged transmittance, equation 2.5 is used: 
𝛥𝑇𝑠𝑜𝑙 =  𝑇𝑠𝑜𝑙
𝑐𝑜𝑙𝑑 − 𝑇𝑠𝑜𝑙
ℎ𝑜𝑡
       (2.5) 
Where: 
ΔTsol = The % transmission difference between the cold and hot states 
𝑇𝑠𝑜𝑙
𝑐𝑜𝑙𝑑= The weighted transmission of the VO2 film in the cold state 
𝑇𝑠𝑜𝑙
ℎ𝑜𝑡 = The weighted transmission of the VO2 film in the hot state 
%Solar modulation for the samples is summarised in table 2.2. 
Sample Weighted Solar Modulation (%) 
VO2-1 4.83 
VO2-2 4.13 
VO2-3 3.15 
VO2-4 14.1 
Table 2.3: %Solar modulation for VO2 thin film samples 
A value of 15% change in solar modulation is a very large change for a vanadium 
(IV) oxide thin film.182 This shows that the best performing single component thin 
films have to be thick to achieve the greatest change from the hot and cold states. It 
can be seen from the UV/Vis spectra that this type of modulation comes with the 
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penalty of very low visible light transmittance due to the dark yellow/brown colour of 
the deposited film.  
The surprising result was the effectiveness of the thinnest VO2 film, sample VO2-1. 
When compared to the next two thicker film samples, it has a higher overall change 
than either sample VO2-2 or VO2-3. This suggests that as the film thickness is 
increased there is an initial region where the thermochromic properties, when 
weighted against the terrestrial solar spectrum, are poorer. Eventually when the film 
is thick enough, this is suppressed by a much larger switch, in near IR wavelengths, 
between the hot and cold states.  
As with the weighting applied to the thermochromic effect of the films, a weighting 
should also be applied to the visible light transmission of a spectrum. This is due to 
the ability of the human eye to perceive and differentiate between different 
wavelengths and intensities.184 This produces a bell-shaped curve centred on a 
wavelength of 580 nm. This measure is known as the photopically averaged 
transmittance Tlum.
185  
Tlum values can be obtained from: 
                 𝑇𝑙𝑢𝑚
𝜎 =  ∫ ȳ(𝜆)𝑇𝜎𝑑𝜆/ ∫ ȳ(𝜆)𝑑𝜆
780 𝑛𝑚
𝜆=350 𝑛𝑚
780 𝑛𝑚
𝜆=350 𝑛𝑚
   (2.6) 
Where: 
𝑇𝑙𝑢𝑚
𝜎 = Photopically averaged transmittance 
λ =Wavelength of light (between 380 and 780 nm, the limits of human vision) 
ȳ(λ) = Photopic luminous efficiency of human eye 
𝑇𝜎 = Transmission of VO2 thin film either hot (85 °C) or cold (25 °C) 
As with the solar averaged data, the difference between the hot and cold states 
could also be determined by: 
                  𝛥𝑇𝑙𝑢𝑚 =  𝑇𝑙𝑢𝑚
𝑐𝑜𝑙𝑑 − 𝑇𝑙𝑢𝑚
ℎ𝑜𝑡
                  (2.7) 
Where: 
𝛥𝑇𝑙𝑢𝑚 = The % difference between the visible light transmission between the hot 
and cold states 
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𝑇𝑙𝑢𝑚
𝑐𝑜𝑙𝑑 = The weighted visible light transmission of the cold state 
𝑇𝑙𝑢𝑚
ℎ𝑜𝑡  = The weighted visible light transmission of the hot state 
Sample 𝑻𝒍𝒖𝒎
𝒄𝒐𝒍𝒅 𝑻𝒍𝒖𝒎
𝒉𝒐𝒕  𝜟𝑻𝒍𝒖𝒎 
VO2-1 73.04 % 72.98 % 0.06 % 
VO2-2 64.47 % 65.31 % -0.85 % 
VO2-3 11.15 % 13.29 % -2.14 % 
VO2-4 11.80 % 13.53 % -1.74 % 
Table 2.4: % weighted visible transmission for cold (25 °C) and hot (85 °C) VO2 films and 
%change in transmission between cold and hot states.  
It can be seen from Table 2.4 that the best film in terms of visible light transmission 
is the thinnest VO2 film. This film also has the lowest %change between the hot and 
cold states, which is important as the thermochromic film should not show a visible 
change when the material is switching between the semi-conducting and semi-
metallic states.  
Interestingly, the worst performing film for both the solar modulation and visible light 
transmission values is sample VO2-3. This is a surprising result as this is an 
intermediate film thickness and it would be expected that the solar modulation and 
visible light transmission values would reflect this. Whilst the thickest of the VO2 
films, sample VO2-4, shows poor visible light properties, it is surprising to note that 
there does not appear to be a linear relationship between film thickness and visible 
light transmission. This suggests that there is a region where the visible light 
transmission remains reasonably constant, but the thermochromic properties can be 
improved.  
The UV/Vis spectra were also used to obtain hysteresis loops for the phase change 
from monoclinic to tetragonal. For the three thicker samples, the change was abrupt 
and occurred at ~68 °C, which is the temperature associated with undoped VO2 thin 
films.1 The exception was the thinnest of the VO2 films deposited, sample VO2-1, 
which showed a reduced phase transition temperature.  
Figure 2.11(a) shows the UV/Vis transmission spectra for the sample as it is heated 
from 25 to 70 °C and the hysteresis data is shown in figure 2.11(b), showing both 
the heating and cooling of this sample. The UV/Vis spectra show that the change 
from the highly transmissive monoclinic to the less transmissive tetragonal phase is 
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occurring over a large temperature window. This has been previously observed in 
thin films of VO2 and has been attributed to reductions in crystallite size and the 
orientation of the particles in the film.186, 187 Smaller crystallite sizes lead to a greater 
number of defects in the structure, these defects then act as ‘nucleation’ sites for 
the relief of stress through atomic rearrangements.188 As the thinnest VO2 film has 
both small crystallite sizes and a disordered crystal structure, it is expected to suffer 
from the widest hysteresis between the monoclinic and tetragonal phases. The 
hysteresis width unfortunately would make these films unsuitable for energy efficient 
coatings, as an abrupt change from transmissive to reflective is desirable for 
comfort.1, 16, 151 
Although sample VO2-1 had a wide hysteresis, it can also be demonstrated from the 
hysteresis curve that complete phase transformation had occurred by 60 °C, with 
significant switching (~10% change from cold state) by 50 °C. This is a large 
reduction from the other undoped samples.  
There have been previous reports that very thin films, below 100 nm thickness, 
have reductions in the MST phase transition,15, 135 which has been attributed to 
strain within the film.59, 137 As the film deposited here is below 100 nm in thickness, it 
is highly likely that the reduction in the MST phase transition is due to the strain 
inherent in the film, favouring the adoption of the less strained tetragonal crystal 
structure.  
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Figure 2.11: (a) Variable temperature UV/Vis spectra showing the change in near IR 
wavelengths as sample VO2-1 is heated from 25 to 70 °C and (b) hysteresis switching curve 
at 2500 nm for both heating and cooling of sample VO2-1.  
Previous APCVD depositions of monoclinic VO2 thin films had used water as the 
oxygen source,32, 57, 58, 168 or [VO(acac)2] with a stream of 2% O2 in N2.
161, 163 Due to 
the higher mass flow rates used in the reaction between VCl4 and ethyl acetate, the 
film growth rates were ~350 nm min-1, which is substantially faster than [VO(acac)2] 
reactions which had growth rates of ~40 nm min-1,161 but comparable to VCl4/H2O 
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reactions which had growth rates of ~300 nm min-1.57 The deposition temperature 
used in the reactions in this chapter was 550 °C, which is higher than either of the 
quoted APCVD reactions above, which were at or below 500 °C. The 
thermochromic response recorded from the films deposited by the reaction of VCl4 
and ethyl acetate were higher than those deposited by VCl4/H2O or [VO(acac)2], this 
is likely due to the higher deposition temperature increasing the crystallinity of the 
deposited films.  
2.4 Conclusions 
The method reported in this chapter has demonstrated the reaction VCl4 and ethyl 
acetate to synthesise high quality VO2 films. The deposition of thermochromic VO2 
thin films has been shown to be highly reproducible. When comparing the reaction 
of TiCl4 and VCl4 it was found that VCl4 required a lower concentration of ethyl 
acetate which was attributed to the higher rate of thermally induced decomposition 
of the VCl4. The ratio of VCl4 and ethyl acetate also affected the carbon 
contamination of the film produced, as assessed by eye. A ratio of 2:1 VCl4 : ethyl 
acetate found to give the best films when assessed by eye, whilst also maintaining 
the thermochromic behaviour. The deposition temperature was found to not have a 
large effect on the phase of vanadium oxide formed, but did affect the colour with 
lower temperatures resulting in darker films when inspected by eye.   
The thickness of the films could be easily controlled by varying the deposition time, 
with thicknesses below 100 nm achieved. The thinnest film showed extremely high 
visible light transmission, whilst still maintaining a solar modulation comparable to 
films that were significantly thicker, which was a very surprising result and 
demonstrates that APCVD can be used to produce high quality films with 
thicknesses <100 nm. The thinner films, however, suffered from widening of the 
hysteresis (~20 °C) between the monoclinic and tetragonal phases, which is an 
issue for their application as energy efficient coatings. The thickest VO2 film showed 
the greatest solar modulation between the hot and cold states, but this came at the 
expense of poor visible light transmission, which once again prevents their use for 
energy efficient coatings on windows. 
The microstructure of the films showed a dramatic change from the thinnest through 
to the thickest, with a change from a disordered layer/island formation in the thin 
films to a much more ordered plate-like structure in the thicker films. This change 
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was accompanied by a greater surface roughness and poorer substrate adhesion- 
as demonstrated by the ease of removing the films by lightly rubbing.   
If the high visible light transmission of the very thin films could be combined with the 
high solar modulation and small hysteresis of the thicker films, it would be a 
significant step towards the utilisation of CVD techniques to produce high quality 
thermochromic coatings for energy efficient applications. Demonstrated in the next 
chapter is a method for producing multi-layered VO2/SiO2/TiO2 systems from 
APCVD, which allows improved visible light transmission to be achieved along with 
high solar modulation when compared to single film VO2 analogues.
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Chapter 3: Multi-layered VO2/SiO2/TiO2 films by Atmospheric Pressure 
Chemical Vapour Deposition 
3.1 Introduction 
Due to the aesthetically unattractive brown/yellow colour and poor visible light 
transmission of VO2 thin films, there has been wide ranging research into how to 
lessen the colour and increase the transmission of visible wavelengths. Successful 
strategies have included the doping of Mg into VO2,
30, 134 core-shell nanoparticles153, 
189, 190 and multi-layered thin films,151, 160, 191 where the VO2 is ‘sandwiched’ with 
alternating layers of a dielectric material, such as SiO2.  
With the above mentioned routes to diminishing both the haze and colour of the 
films, the multi-layered thin films offer a further advantage. These films can increase 
the visible light transmission,145, 192 help to alter the colour of the VO2 films
160, 193 and 
give other functionalities, such as self-cleaning194, 195 or increased conductivity.196, 197 
The synthesis of such multi-functional thin films is therefore an area that is 
increasingly being researched. 
Granqvist et al. have reported on the multi-layered VO2/SiO2 systems from 
magnetron sputtering.160 It was found that the inclusion of the SiO2 layer lessened 
the haze from the films by altering the refractive index. There have also been 
modelling on these types of multi-layered systems demonstrating that the colour 
and visible light transmission of the films is dependent on the thicknesses of the 
different layers.133, 183 
Multi-layered VO2 films have also been synthesised by the incorporation of 
nanoparticles, synthesised by hydrothermal methods, into polymers which are then 
spin coated into layers.145, 192, 198 Here it was found that the visible light transmission 
was increased with the addition of multi-layers.  
The above synthetic routes suffer from difficulties in scaling for industrial purposes, 
so ideally a route, such as chemical vapour deposition, would be used to produce 
multi-layered VO2 films. APCVD has been previously demonstrated for 
combinatorial layers of VO2/TiO2,
143, 144 but has never been demonstrated for multi-
layered VO2/SiO2/TiO2 systems. 
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3.1.1 The Atmospheric Pressure Chemical Vapour Deposition reactor 
The APCVD syntheses reported here were deposited on a horizontal cold-walled 
reactor. (The reactor design is the same as shown schematically in chapter 2, figure 
2.01). The precursors were contained in bubblers under nitrogen (N2) gas flow, 
which was used as a carrier gas. The bubblers consisted of stainless steel cylinders 
with brass jackets and heating bands. All lines were heated using heating tapes 
(Electrothermal 400 W, 230 V). The precursors were mixed in stainless steel mixing 
chambers. The temperature of all components of the system was controlled by k-
type thermocouples with Thermotron controllers.  
 
3.2 Synthesis of multi-layered VO2/SiO2/TiO2 thin films 
3.2.1 Aim 
To determine whether multi-layered films of VO2/SiO2/TiO2 can be synthesised by 
APCVD. To determine the thermochromic properties of these multi-layers and 
compare against single layer VO2 analogues. To determine whether there is a 
change in the visible light transmission of the films by the inclusion of multi-layers. 
To determine whether the multi-layered films show self-cleaning, as well as 
thermochromic, properties. 
3.2.2 Experimental 
For the following reactions the vanadium precursor source used was vanadium (IV) 
chloride (VCl4, 99.9%), the oxygen precursor source used was ethyl acetate 
anhydrous (C4H8O2, 99.8%), the silicon precursor used was tetraethyl orthosilicate 
(Si(OC2H5)4, 98%) and the titanium precursor used was titanium (IV) chloride (TiCl4, 
99.9%), all precursors were purchased from Sigma Aldrich UK. All chemicals were 
used without additional treatment. Glass-substrates consisted of a 3.4 mm silica 
coated barrier glass (50 nm SiO2 layer) obtained from Pilkington. The glass 
substrate was 90 x 300 mm. Prior to deposition all substrates were cleaned with 
acetone, 2-propanol and water and left to air dry. Oxygen-free nitrogen (99.9 % 
purity) was purchased from BOC and used as the carrier gas for all reactions. 
For the synthesis of VO2/SiO2/TiO2 multi-layers; VCl4 was placed in bubbler 1, ethyl 
acetate was placed in bubbler 2, tetraethyl orthosilicate was placed in bubbler 3 and 
TiCl4 was placed in bubbler 4. Bubblers 1, 2, 3 and 4 were heated to 80, 40, 130 
Chapter 3 
Multi-layered VO2/SiO2/TiO2 films by Atmospheric Pressure Chemical Vapour 
Deposition  
 
71 
 
and 75 °C respectively. This achieved a suitable vapour pressure from the 
precursors, as determined from the vapour pressure equation (Chapter 2, Equation 
2.1). This gave mass flow rates of 0.00554, 0.00288, 0.00554 and 0.00288 mol min-
1 for VCl4, ethyl acetate, tetraethyl orthosilicate and TiCl4 respectively.  
 
3.2.3 Sample descriptions for multi-layer VO2/SiO2/TiO2 thin films 
In a typical synthesis, the reactor would be set to 550 °C (ramp rate 7 °C min-1). The 
plain N2 gas flow set to 20 L min-1 and the plain flow lines heated to 200 °C. The 
mixing chamber was set to 150 °C. For the deposition of VO2; the VCl4 bubbler was 
set to 80 °C and had a N2 gas flow set at 0.7 L min
-1 and the C4H8O4 bubbler was 
set to 40 °C and had a N2 gas flow set at 0.2 L min
-1. For the deposition of SiO2; the 
tetraethyl orthosilicate bubbler was set to 130 °C and had a N2 gas flow of 0.7 L min
-
1, and the C4H8O4 was set to 40 °C and had a N2 gas flow of 0.2 L min
-1. For the 
deposition of TiO2, the TiCl4 bubbler was set to 75 °C and had a N2 gas flow of 0.6 L 
min-1 and the C4H8O4 was set to 40 °C and had a N2 gas flow of 0.6 L min
-1. 
Depositions of each individual layer would last between 1 and 3 minutes.  
In a typical multi-layered film synthesis, the 4 bubblers would all be opened to allow 
the nitrogen carrier gas to flow through the precursor. When an individual layer was 
being deposited, the precursors would be switched, from flowing to the exhaust to 
the reaction chamber, by use of a three-way valve. After the deposition length had 
passed the precursor feeds would be switched back to flowing to the exhaust. In this 
way it was possible to synthesise multiple layers of different materials. After all the 
layers had been synthesised, the bubblers would be switched back, so that the 
nitrogen carrier gas no longer flowed through the precursors.    
After a deposition, the sample would be left to cool under a flow of nitrogen and 
would only be removed when the temperature was below 90 °C. Sample 
descriptions and synthesis conditions are summarised in Table 3.1 (for single 
layered films) and Table 3.2 (for multi-layered films). The thin films were 
characterised as deposited, there was no post-treatment of any of the films.  
  
Chapter 3 
Multi-layered VO2/SiO2/TiO2 films by Atmospheric Pressure Chemical Vapour 
Deposition  
 
72 
 
Name Sample 
Description 
Precursors Temp 
 
(°C) 
Flow 
rate 
(L min-1) 
Deposition 
Length 
(min) 
V-1 VO2 
Single layer 
1 min deposition 
VCl4 
 
C4H8O4 
80 
 
40 
0.7 
 
0.2 
 
1 
V-3 VO2 
Single layer 
3 min deposition 
VCl4 
 
C4H8O4 
80 
 
40 
0.7 
 
0.2 
 
2 
Table 3.1: Sample descriptions and deposition lengths for single layered VO2 depositions on 
glass substrates by APCVD. 
Name Sample 
Description 
Layer Precursors Temp 
 
(°C) 
Flow rate 
(L min-1) 
 
VST-1 
 
VO2/SiO2/TiO2 
Multilayer 
1 min 
deposition of 
each layer 
VO2 
 
 
SiO2 
 
 
TiO2 
VCl4 
C4H8O4 
 
Si(OC2H5)4 
C4H8O4 
 
TiCl4 
C4H8O4 
80 
40 
 
130 
40 
 
75 
40 
0.7 
0.2 
 
0.7 
0.2 
 
0.6 
0.6 
 
VST-3 VO2/SiO2/TiO2 
Multilayer 
3 min 
deposition of 
VO2 and SiO2 
layers, 1 min 
deposition of 
TiO2 layer 
 
VO2 
 
SiO2 
 
 
TiO2 
VCl4 
C4H8O4 
 
Si(OC2H5)4 
C4H8O4 
 
TiCl4 
C4H8O4 
80 
40 
 
130 
40 
 
75 
40 
0.7 
0.2 
 
0.7 
0.2 
 
0.6 
0.6 
Table 3.2: Sample descriptions for multi-layered films of VO2/SiO2/TiO2 synthesised on glass 
substrates by APCVD.  
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3.2.4 Film Characterisation 
X-ray diffraction (XRD) studies were carried out using a Bruker-Axs D8 (GADDS) 
diffractometer. The instrument operates with a Cu X-ray source, monochromated 
(Kα1 and Kα2) and a 2D area X-ray detector with a resolution of 0.01º (glancing 
incident angle, θ = 0.3º). The diffraction patterns obtained were compared with 
database standards from the Inorganic Crystal Structure Database (ICSD), 
Karlsruhe, Germany. UV/vis spectroscopy was performed using a Perkin Elmer 
Lambda 950 UV/Vis/NIR Spectrophotometer. The transmission spectra were 
recorded directly on the films as deposited, held in a specially designed heating cell 
allowing the beam to pass through the sample directly into the integrating sphere. 
A Labsphere reflectance standard was used as reference in the UV/vis 
measurements. The heating of the samples for thermochromic measurements in the 
UV/Vis spectrometer was achieved by an aluminium temperature cell controlled by 
RS cartridge heaters, Eurotherm temperature controllers and k-type thermocouples. 
Scanning electron microscopy (SEM) was carried out using a Jeol JSM-6700F and 
secondary electron image on a Hitachi S-3400N field emission instruments (20 KV) 
and the Oxford software INCA. X-Ray photoelectron spectroscopy (XPS) was 
performed using a Thermo Scientific K-alpha spectrometer with monochromated Al 
Kα radiation, a dual beam charge compensation system and constant pass energy 
of 50 eV (spot size 400 µm). Survey scans were collected in the range 0-1200 eV. 
XPS data was fitted using CasaXPS software, the vanadium and titanium 2p3/2 and 
Si 2p peaks were modelled with Gaussian functions. The Gaussian functions had a 
FWHM value of 1.8, 1.7, 1.9 and 1.2 for V5+, V4+, Ti3+/Ti4+ and Si4+  respectively (with 
a tolerance of ±0.2) these values were obtained from literature measurements.166, 
199, 200 
3.2.5 Photocatalytic testing 
For the evaluation of their photocatalytic activity, samples had a layer of stearic acid 
applied by dip-coating from a chloroform solution (0.05 M). The samples were left to 
air dry for ~15 mins. The degradation of the acid was monitored by infrared 
spectroscopy (2700 – 3000 cm-1) using a Perkin Elmer RX-I Fourier transform 
infrared spectrometer. The samples were irradiated in a home-built light box 
equipped with six blacklight blue fluorescent tubes (UVA 6×18W) and an extractor 
fan. The irradiance (4  0.2 mW cm-2) at sample position was measured using a 
UVX radiometer (UVP). The area of the sample under illumination was 3.14 cm2. 
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3.3 Results and discussion 
Multi and single layered films of VO2 were deposited under APCVD conditions by 
the reaction of vanadium, silicon and titanium precursors with ethyl acetate. In all 
cases the ethyl acetate acted as the oxygen source for the reactions. 
 
VCl4 + C4H8O2  VO2 + by-products                        (3.1) 
Si(OC2H5)4 + C4H8O2  SiO2 + by-products             (3.2) 
TiCl4  + C4H8O2  TiO2 + by-products                      (3.3) 
 
The overall reactions are summarised in Equations 3.1, 3.2 and 3.3. As ethyl 
acetate is the oxygen source in each case. The most likely reaction mechanism 
would be as stated in Chapter 2, Equation 2.3. 
3.3.1 Phase identification 
XRD patterns were obtained for all the films synthesised, Figure 3.01. The single 
layer VO2 films (Figure 3.01 (a)), samples V-1 and V-3, showed peaks that could be 
identified as monoclinic VO2. As with the previous depositions of thin films of VO2, 
the diffraction peak intensities were weak.  
The multi-layered films (Figure 3.01 (b)), samples VST-1 and VST-3, showed XRD 
patterns consistent with the formation of TiO2. Interestingly, the thinner of the 
depositions, VST-1, displayed only rutile reflections in the data, whilst the thicker 
multi-layer, VST-3, showed diffraction peaks that could be matched to both anatase 
and rutile phases. As both samples were deposited at the same temperature, this 
suggests that there could be a templating effect from the underlying SiO2 favouring 
the formation of the rutile phase- as the SiO2 can be seen to have columnar growth 
in the SEM images. This was supported by a slight shift in the peak positions for the 
anatase and rutile reflections, suggesting that the titania is being strained by an 
underlying template. It has been previously observed that the thickness of SiO2 
barrier layers can affect the phase of TiO2 achieved from CVD methods.
201 
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Figure 3.01: XRD patterns for a) single layer VO2 thin films, V-1: 1 minute VO2 deposition 
and V-3: 3 minute VO2 deposition and b) Multi-layered VO2/SiO2/TiO2 films, VST-1 1 minute 
deposition of VO2, SiO2 and TiO2 and VST-3 3 minute depositions of VO2 and SiO2 and 1 
minute deposition of TiO2. The monoclinic VO2, rutile (R) and anatase (A) planes have been 
identified in the XRD patterns.  
 
3.3.2 Morphology and growth rates of deposited films 
SEM images were obtained for the single and multi-layered VO2 thin films, Figure 
3.02. The as deposited single layer VO2 films, Figure 3.02 (a) and (b), show similar 
morphologies to those described for films deposited under the same conditions in 
Chapter 2. This shows that the films deposited by the reaction of VCl4 and ethyl 
acetate can be reliably reproduced.  
Figure 3.02 (c) shows the structure observed in the SiO2 layer, to observe this 
morphology, a film of VO2 with an overlayer of SiO2 was synthesised. The VO2 and 
SiO2 were synthesised under the same reaction conditions as those outlined in 
Table 3.1. Each layer was deposited for 1 minute at 550 °C. The morphology 
observed in this structure shows a very porous nature, with lots of voids evident, the 
voids are also large being on the order of 100s of nm in size.   
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Figure 3.02 (d) shows a typical morphology for the TiO2 layer in the multi-layered 
films, samples VST-1 and VST-3, the particles are pyramidal in shape. This type of 
morphology has been previously reported for TiO2 films deposited by APCVD 
methods.169, 202 In comparison to the VO2 and SiO2 morphologies, the TiO2 shows 
significantly reduced surface roughness in the SEM image. 
Figure 3.02 (e) and (f) show side on SEM images for the thinner of the multi-layer 
films, sample VST-1. This is representative of the morphology observed in both the 
multi-layered structures. It can be seen that there are 3 distinct regions on the glass 
substrate; these are highlighted in Figure 3.02 (f). The VO2 and TiO2 layers show a 
dense closely packed structure, with few voids obvious. This is in comparison with 
the SiO2 layer, which displays column like structures in the SEM image. When this is 
combined with the information from Figure 3.02 (c), it suggests that the SiO2 is 
highly porous with many void regions, most likely containing air pockets.  
The thicknesses of the layers from the side on SEM images also allowed growth 
rates to be estimated. As the film shown is sample VST-1, where each layer was 
deposited for 1 minute, the growth rates were estimated as; VO2 = ~300 nm min
-1, 
SiO2 = ~1300 nm min
-1 and TiO2 = ~100 nm min
-1. The VO2 growth rates are 
comparable with the rates seen in Chapter 2.  
Water contact angle measurements were obtained for all the samples deposited. 
Samples V-1 and V-3 showed superhydrophilic angles, both being below 2°. This 
was attributed to the surface roughness of each of these films as observed in the 
SEM images. This wetting process has been described by Wenzel.203 
The water contact angles for the multi-layered films were between 70-90° for 
samples VST-1 and VST-3. These are consistent with water contact angle 
measurements for TiO2 films deposited by CVD methods.
204 
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Figure 3.02: SEM images for samples top down; a) 1 minute VO2 layer, V-1, b) 3 minute 
VO2 layer, V-3, c) SiO2 layer showing presence of voids within structure, d) typical TiO2 film, 
sample VST-1, e) side-on SEM image showing the presence of different structures in multi-
layer and f) magnified side-on SEM image giving information on the growth rates of each of 
the component layers for sample VST-1.   
 
3.3.3 X-ray Photoelectron Spectroscopy 
To determine the oxidation states of the vanadium, titanium and silicon, XPS 
measurements were obtained for the samples. All samples were also sputtered to 
elucidate the mixing of the various elements present. The binding energies for all 
elements were measured against carbon C1s (285.0 eV). 
The single layered VO2 samples, V-1 and V-3, had surface vanadium species that 
were a mixture of V5+ (517.16 eV) and V4+ (515.65 eV). As stated in the previous 
chapter, these are in agreement with literature values.166 When these films were 
sputtered, the only vanadium signal remaining in the spectra was for V4+, leading to 
the conclusion that the films were bulk VO2 with surface V2O5 species- as concluded 
for the samples synthesised in Chapter 2 (Figures 2.06 and 2.07). 
The multi-layered films, VST-1 and VST-3, showed more complex spectra. The only 
metallic species present at the surface of the films were Ti4+, Figure 3.03 (a). This 
gave a binding energy of 485.7 eV, which is consistent with Ti4+ in TiO2.
205 The 
multi-layered films were also sputtered to reveal the oxidation states and 
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concentrations of elements within the films. The titanium signals in the samples all 
showed a broadening of the Ti binding energy 2p3/2 peak (when sputtered) Figure 
3.03 (b). This was deconvoluted to give a mixture of Ti4+ and Ti3+ in the sample.206 
There were 2 silicon environments detected in the samples was for Si4+, Figure 
3.04. This gave binding energies of 103.6 eV consistent with Si4+ in SiO2,
207 and 
102.7 eV consistent with SiO1.35.
208 The latter binding energy is attributed to the 
etching process.    
To detect the vanadium species present in the samples required long sputtering 
times, this is attributed to the thickness of the SiO2 layers as seen in the SEM 
images, Figure 3.02 (e) and (f). The vanadium species detected, Figure 3.05, 
showed a mixture of V5+ (517.2 eV) and V4+ (515.7 eV).  
From the XPS spectra, it is confirmed that there is TiO2 at the surface as Ti
4+, with 
the bulk being a mixture of Ti3+ and Ti4+. The silicon in the sample is present as Si4+, 
with the higher binding energy, at 103.6 eV, indicative of SiO2. The vanadium is 
deep within the layer, supporting the SEM data, and is a mixture of V5+ and V4+, 
which is consistent with the results seen in chapter 2.     
 
 
 
 
 
 
Chapter 3 
Multi-layered VO2/SiO2/TiO2 films by Atmospheric Pressure Chemical Vapour 
Deposition  
 
79 
 
 
 
Figure 3.03: XPS spectra for titanium binding energies a) surface titanium species present 
in multi-layered film, sample VST-1 and b) titanium species present after etching of the film, 
sample VST-1.  
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Figure 3.04: XPS spectra for silicon binding energy of silicon in SiO2 layer of multi-layered 
film, sample VST-3.  
 
Figure 3.05: XPS spectra for vanadium binding energy of vanadium of multi-layered film, 
sample VST-1.  
  
Chapter 3 
Multi-layered VO2/SiO2/TiO2 films by Atmospheric Pressure Chemical Vapour 
Deposition  
 
81 
 
3.3.4 Thermochromic and optical properties of films 
Variable temperature UV/Vis/NIR spectra were obtained for the deposited films, 
Figure 3.06, which showed that all samples synthesised had a temperature induced 
phase change and were thermochromic in near IR wavelengths. It can be seen that 
the sample that shows the largest change is VST-3, Figure 3.06 (d). Tc for all 
samples shown is ~68 °C.  
 
Figure 3.06: Variable temperature UV/Vis transmission spectra showing thermochromic 
behaviour for a) sample V-1, single layer of VO2 deposited for 1 minute, b) sample VST-1, 
multi-layered VO2/SiO2/TiO2 each layer has been deposited for 1 minute, c) sample V-3, 
single layer of VO2 deposited for 3 minutes and d) sample VST-3, multi-layered 
VO2/SiO2/TiO2 the VO2 and SiO2 layers have been deposited for 3 minutes the TiO2 has 
been deposited for 1 minute. All samples are shown at 25 °C (solid line) and 80 °C (dashed 
line). Tc for all samples = ~68 °C.    
As with the samples in Chapter 2, in order to quantitatively measure the samples 
against each other, the UV/Vis spectra must be weighted for both solar modulation 
and for visible light transmission. The equations 2.4, 2.5, 2.6 and 2.7 were used to 
produce the values in Table 3.3. As shown, the film that shows the greatest solar 
modulation is VST-3. Whilst it isn’t surprising that the thicker VO2 depositions, V-3 
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and VST-3 show the greatest solar modulation, what is interesting is that there is 
almost a 2-fold difference in response, with VST-3 being far superior in response. It 
also shows close to the theoretical maximum response for a VO2 system.
182 The 
thinner of the multi-layered systems, VST-1, also shows a significant increase in the 
solar modulation when compared to the single film analogue V-1. In this case, a 
more than 2-fold increase in response is observed. As both multi-layered samples 
showed an increase in the solar modulation response, this suggests that the multi-
layer systems have a mechanism that increases the response.  
The visible light properties of the films were also altered by the inclusion of the 
multi-layers. Both of the multi-layered systems showed an increase in the visible 
light transmission (Tlum) when compared with the single layer analogues. The largest 
difference was observed between sample V-1 and VST-1, where the multi-layered 
system showed ~30% increase in the visible light transmission. This is a large 
improvement and shows that the haziness associated with VO2 thin films can be 
reduced by the inclusion of materials with a different refractive index. A smaller 
improvement was observed with the thicker samples, where a 4% improvement was 
observed between samples V-3 and VST-3. Similar improvements have been 
observed with multi-layered VO2/SiO2
146 and VO2/TiO2
137, 145, 191 systems 
synthesised by sputtering and sol-gel techniques.  
The UV/Vis spectra suggest that the incorporation of VO2 into multi-layered systems 
by the use of APCVD can be achieved, without any detrimental effects to the 
thermochromic response.  The multi-layered films have improved visible light 
transmission and a larger solar modulation when compared to the single film 
analogues. 
 
Sample Weighted solar 
modulation (%) 
𝑻𝒍𝒖𝒎
𝒄𝒐𝒍𝒅 𝑻𝒍𝒖𝒎
𝒉𝒐𝒕  𝜟𝑻𝒍𝒖𝒎 
V-1 3.14 14.15 16.55 -2.4 
VST-1 7.63 44.24 44.19 0.05 
V-3 8.09 13.60 14.08 -0.48 
VST-3 15.29 17.81 18.23 -0.42 
Table 3.3: Weighted solar and visible light (Tlum) values for all samples  
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3.3.5 Photocatalytic properties of the films 
To determine the photocatalytic properties of the deposited films, stearic acid 
destruction measurements were obtained. Stearic acid is a model organic pollutant 
that is stable to UV degradation in the absence of a photocatalyst. The 
mineralisation of the acid results in the decomposition as shown in Equation 3.4. 
The mineralisation of stearic acid has zero order kinetics, and the degradation of the 
acid can be followed by FTIR measurements, as the C-H bands (between 2700-
3000 cm-1) will steadily decrease in intensity.   
           OHCO
bg
EhvTiO
OHCOCHCH 22221623 1818
)(
2
26)(  

                                                                                                                               
The single layer VO2 samples, V-1 and V-3, showed no photo-induced destruction 
of the stearic acid. For comparison purposes, a pure phase anatase film 
(synthesised by APCVD) and an industry TiO2 film used for self-cleaning 
applications (Pilkington ActivTM) were also tested against the multi-layered samples, 
VST-1 and VST-3.  
Figure 3.07 (a) and (b) show the integrated stearic acid areas and the rates of 
stearic acid destruction for these samples. It can be clearly seen that sample VST-1 
is not active for the destruction of stearic acid, this is not surprising as this sample 
showed only rutile diffraction peaks in the XRD data, Figure 3.01. The rutile phase 
of TiO2 has poor photocatalytic rates due to fast recombination of the photo-induced 
electron/hole pairs.209 In contrast, sample VST-3 is shown to have a higher rate of 
destruction of stearic acid than ActivTM glass from Pilkington. As this is the glass 
used for self-cleaning applications, it can be determined that the multi-layered 
samples do show multi-functional properties. The rate of stearic acid destruction is 
lower for sample VST-3 than for the pure anatase thin film, this is due to two 
reasons, the first is that sample VST-3 is a mixed phase of anatase and rutile and 
so would likely suffer from higher rates of recombination rates, the second reason is 
due to thickness. The anatase layer deposited was ~500 nm in thickness, which is 
close to the ideal thickness for photocatalytic properties for anatase thin films.210 
This explains the apparent poor rate of the VST-3 sample when compared with the 
anatase sample.                                                                                                                                                         
 
(3.4) 
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Figure 3.07: Photocatalytic destruction of stearic acid by samples exposed to UV light (λ = 
365 nm) a) Integrated areas for stearic acid destruction showing samples VST-1, VST-3, 
Pilkington Activ
TM
 (industry standard TiO2 thin film for self-cleaning applications) and a pure 
anatase film and b) Photocatalytic rates for the stearic acid destruction. The single vanadium 
films, V-1 and V-3, showed no photo-induced destruction of the stearic acid.  
 
3.3.6 Modelling of multi-layered VO2/SiO2/TiO2 thin films 
Details on the model and parameters used can be found in Appendix 1. Modelling of 
sample VST-1 was performed to elucidate if there were any design rules that could 
be applied to multi-layered VO2/SiO2/TiO2 films grown by APCVD. This was to allow 
the optimisation of the films and determine the effect of the SiO2 layer on the 
improvement of the visible light properties. For these purposes, the SiO2 layer was 
considered to have bulk characteristics and the refractive properties associated with 
a continuous layer of SiO2 of ~1.4 μm.  
As shown in Figure 3.08, when the multi-layered film was simulated with bulk like 
properties for the VO2, SiO2 and TiO2, the resulting Tlum and ΔTsol were both different 
from the actual results recorded for sample VST-1. For these models, the refractive 
index for TiO2, SiO2 and VO2 were taken from Devore,
211 Palik212 and Mlyuka160 
respectively. Figure 3.08 a) shows the calculated properties for a film with coherent 
visible light properties between all the layers. Sample VST-1, however, would show 
incoherence as the thickness of the SiO2 layer is larger than the coherence length of 
broadband sunlight- it is not surprising that Figure 3.08 a) does not match the 
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UV/Vis spectra obtained for sample VST-1. It is also important to note that 
coherence within the SiO2 would lead to resonant peaks in the transmittance 
spectra which were not observed in our UV-VIS measurements. 
Therefore, an incoherence factor between the layers was modelled. This is shown in 
Figure 3.08 b). As shown, this is actually further from the observed results for 
sample VST-1 than the previous model, suggesting that the film has another 
mechanism which is improving the visible light characteristics.  
The two first models assumed that the three layers were all uniform in thickness, to 
determine whether a varying film thickness would account for the enhanced visible 
light transmission of sample VST-1, a further model was calculated. Figure 3.08 c) 
shows the result of these calculations, as shown, the enhanced visible light 
properties cannot be accounted for by a difference in the film thicknesses of the 
different components in the multi-layered system.  
These results suggested that the porous nature of the films were contributing a 
significant contribution to the improvement in the visible light transmission. Closer 
inspection of the sample V-1 compared to VST-1 showed the multi-layered film, 
VST-1, had a significant reduction in haze than the single film VO2 analogue, V-1. It 
was, however, very difficult to give a direct contribution of the porous SiO2 film. This 
was due to the fact that the structure was disordered and the pore sizes varied in 
size, this meant it was very difficult to simulate the interactions of light as it passed 
between the air in the pores and the SiO2 layer. This is important as the change in 
refractive properties affects the scattering of light as it passes through the structure, 
the greater the scattering of visible wavelengths, with such a porous structure the 
refractive index of the SiO2 will be lower.
213, 214 This would result in higher visible 
light transmission through the film.  
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Figure 3.08: Calculated properties of multi-layered film with VO2/SiO2/TiO2 a) Coherent 
conditions, uniform thickness of films, b) incoherent conditions, uniform thickness of films 
and c) incoherent film with non-uniform thickness values. 
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In order to elucidate the effect of the SiO2 layer on the visible light response of the 
multi-layered films, a range of films with differing thicknesses of VO2 were 
simulated. For these simulations, the SiO2 layer was considered to be ~1.4 μm with 
a TiO2 layer of 100 nm. All the layers were considered to display bulk-like 
properties. The simulation that obtained results that were comparable to those 
displayed for sample VST-1 had a layer of VO2 that was only ~50 nm thick. These 
results are shown in Figure 3.09 a). The data was also used to simulate a UV/Vis 
spectra for the switching behaviour of such a film, Figure 3.09 b), as shown this is in 
good agreement with the spectra obtained for sample VST-1 (Figure 3.06 b)).  
As shown in the graph, the Tlum and ΔTsol are now in much better agreement with 
the values obtained for sample VST-1. The VO2 layer from the simulation is an order 
of magnitude (~ x10) thinner than the VO2 layer observed in the SEM images for 
sample VST-1, which were shown to be ~300 nm in thickness. Although this 
appears to suggest that the VO2 is less thermochromically active, the modelling is 
for an ideal system and does not take into account defects in the structure, such as 
the presence of other vanadium oxides. Both of the multi-layered samples show 
superior solar modulation to their single layer analogues, which suggests that the 
SiO2/TiO2 overlayer is protecting the VO2 allowing for a larger switch.   
As the difference between the simulation and the synthesised films is the porosity of 
the SiO2 layer, it must be considered that the improvement in the visible light 
transmission of sample VST-1, when compared with sample V-1, is due to the 
enhanced scattering of light by the difference in refractive properties between the air 
and the SiO2 as visible wavelengths pass through the highly porous SiO2 layer. The 
other result that can be taken from this is that it is possible to produce a film with the 
visible light transmission equivalent to a very thin layer (<50 nm) of VO2, but with the 
solar modulation (thermochromic response) of a significantly thicker film (>200 nm).  
It has been previously observed for TiO2
215, 216
 and SiO2/TiO2
217 systems that 
inducing porosity on the length scale of visible wavelengths can cause a significant 
improvement in visible light transmission due to enhanced scattering of light. It is 
very likely that due to the size of the pores in the SiO2 layer, that a similar process is 
occurring in sample VST-1- with the subsequent improvement in visible light 
transmission and reduction of haziness.  
Although sample VST-3 showed an improvement in visible light transmission when 
compared to sample V-3, the overall improvement was significantly lower than 
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observed in sample VST-1. This suggests that there is also an ideal thickness to the 
porous SiO2 layer, which appears to be ~1.4 μm. Beyond this thickness, the 
samples begin to suffer from absorption of visible wavelengths as well as increased 
scattering, leading to a reduced difference in the visible light transmission between 
the multi-layered and single film analogues. 
 
Figure 3.09: a) Calculated properties for a range of thicknesses of VO2 thin films, showing 
that ~50 nm VO2 thin film gives the same properties as those observed for sample VST-1 
and b) Calculated properties of multi-layered film with similar visible light transmission and 
solar modulation as those observed in sample VST-1. The VO2, SiO2 and TiO2 layers are 
considered to have bulk-like characteristics.  
 
3.4 Conclusions 
Multi-layered VO2/SiO2/TiO2 thin films have been demonstrated for the first time 
from APCVD methods. XRD analysis proved that the multi-layered films had TiO2 at 
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the surface, interestingly, the thinner of the multi-layered films showed only rutile 
diffraction peaks, whilst the thicker film showed a mixture of rutile and anatase 
diffraction peaks. This was attributed to strain from the underlying SiO2 film 
favouring the formation of rutile TiO2. 
The morphology of the films was determined by SEM analysis. The single layer VO2 
films showed morphologies consistent with those previously observed, in Chapter 2, 
for VO2 thin films deposited by the reaction of VCl4 and ethyl acetate by APCVD. 
Surprisingly, the SiO2 film was shown to consist of a column-like structure with large 
voids, presumably containing air pockets, in-between. The TiO2 layers had a 
pyramidal like structure, which was consistent with previous reports of TiO2 
deposited by APCVD. 
The thermochromic properties were determined by variable temperature UV/Vis 
spectroscopy. In all cases, the multi-layered films showed improved visible light 
transmission and solar modulation when compared to single layer analogues. A 
significant increase was observed for the thinner of the multi-layered films, with the 
sample showing a 30% improvement in the visible light transmission and a doubling 
of the solar modulation.  
The multi-layered samples were also tested for photocatalytic properties. The 
photocatalytic destruction of stearic acid was measured, with the thicker multi-
layered sample being proven to be more active than an industrial self-cleaning TiO2 
film, Pilkington ActivTM. This proved that it was both possible to have a film with self-
cleaning properties whilst also enhancing the visible light transmission and solar 
modulation by the application of a layer of SiO2. 
Finally, the multi-layered samples were simulated computationally to help elucidate 
the effect of the structure on the properties observed. The porosity of the SiO2 layer 
was shown to be key to the improvement in visible light transmission. When 
compared to a simulated multi-layered film with a uniform SiO2 layer with bulk-like 
properties, it was shown that the properties observed in the thinner multi-layered 
film was equivalent to a VO2 film that was ~10 times thinner than the layer 
deposited. This proved that the scattering of visible light by the SiO2 layer was the 
significant contributing factor to the improvement observed.  
Although thin films of VO2 (and other metal oxides) are important for applications 
such as coatings for windows, there are many other potential applications. One 
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such application would be the deposition of metal oxides, such as TiO2, onto 
powder supports. Explored in the next chapter is a method to coat powders by a 
chemical vapour deposition route.  
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Chapter 4: Fluidised Bed Chemical Vapour Deposition of single and multi-
shell TiO2 on mica 
4.1 Introduction 
 Fluidised Bed Chemical Vapour Deposition (FBCVD) has been widely utilised in 
industrial applications for the production of corrosion and abrasion resistant 
coatings. The most common materials produced from FBCVD processes are 
titanium carbide,65 silicon carbide66, 218, 219 and aluminide coatings.41, 54 Carbon 
nanotubes synthesis has also been demonstrated from FBCVD processes.70 
FBCVD is favoured for the production of these materials due to the high-throughput 
nature of the process, the ability to uniformly cover large areas of material and the 
fact that this process can be done ‘on-line’- i.e. it can be incorporated into industrial 
processes with relative ease.56 
FBCVD, however, is not a commonly used laboratory technique. This is due, in part, 
to the expense of designing and engineering such a system. Furthermore, the 
studies utilising FBCVD are primarily concerned with mechanically and chemically 
robust coatings and the large scale production of carbon nanotubes.64, 70, 220, 221 This 
opens the possibility to design a FBCVD system that would allow for the 
development of functional coatings (e.g. photocatalytic or thermochromic) onto 
powder supports which could then be incorporated into applications where a 
traditional thin film would be unsuitable. 
TiO2 nanoparticles and thin films have been previously synthesised by CVD (e.g. 
Atmospheric Pressure,53, 143, 222, 223 Aerosol Assisted;42, 44, 224 and Plasma Enhanced 
CVD48-50), sol-gel225-227 and hydrothermal synthesis.106, 107, 228 Multi-shelled mixed 
anatase/rutile TiO2 nanoparticles have also been reported from sol-gel synthesis.
229 
FBCVD has been used to deposit TiO2 single layers,
39, 55, 230 but there have been no 
reports of multi-layered films produced by FBCVD.  
The FBCVD design described within this chapter was custom built for this research 
project. The original intention was to use the FBCVD reactor to deposit VO2 onto 
powder substrates, these experiments were attempted, however, VO2 was not 
shown to be successfully deposited. In order to determine whether the FBCVD 
reactor was able to deposit onto powder substrates, TiO2 depositions were 
attempted. This allowed for the system to be demonstrated with a known material 
without the complex phase characteristics of vanadium oxides.2  
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Described within this chapter is a method for producing single and multi-shelled 
structures of TiO2. TiO2 was used as a case study due to the ability to control the 
phase present in the sample easily through deposition and post-annealing 
temperatures.231 Multi-shelled and core-shell structures are primarily produced by 
‘wet’ chemical routes such as sol-gel and hydrothermal synthesis.189, 232-234 There 
have been no previous reports of producing such structures from CVD routes. A 
CVD route would allow for such structures to be synthesised by a high-throughput, 
industrially scalable process.     
4.1.1 The Fluidised Bed Chemical Vapour Deposition reactor 
The FBCVD syntheses reported here were performed on a custom built rig. The 
design chosen is along the lines of a stationary/bubbling FBCVD design- as 
discussed in the introduction.  
The design shown was chosen due to its relative simplicity- there are no moving 
parts within the reactor, which reduces the possibility of breakages during operation. 
The fluidisation of the powder substrate was achieved by a flow of N2 gas only. A 
pictorial representation of the fluidisation process is shown in Figure 4.01. Stainless 
steel gauzes (mesh size: 0.1 mm) are placed at the two ends of the reactor in order 
to prevent excess substrate escaping the reaction chamber during deposition. With 
this fixed bed reactor design only Geldart groups A and B substrates could be 
fluidised, Geldart fluidisation groups are discussed in Chapter 1 (section 1.5.5.2). 
The substrates that met these criteria were synthetic mica and the photocatalyst 
P25, with the synthetic mica showing superior fluidisation potential due to the P25 
being hydroscopic. Silica flake was found to be too cohesive to achieve complete 
fluidisation with this design and would form clumps within the reactor.  
For the synthesis of TiO2 layers; TiCl4 was placed in bubbler 1 and ethyl acetate 
was placed in bubbler 2. Bubblers 1 and 2 were heated to 75 and 40 °C 
respectively. This achieved a suitable vapour pressure from the precursors, as 
determined from the vapour pressure equation (Chapter 2, Equation 2.1). This gave 
mass flow rates of 0.00288 and 0.00554 mol min-1 for TiCl4 and ethyl acetate 
respectively. 
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Figure 4.01: Pictorial representation of fluidisation of particles in the FBCVD reactor. 
Particles are suspended by the pressure exerted from a stream of N2 gas entering the 
reactor from below. The N2 gas also acts as a carrier gas for the volatile precursors used to 
coat the particles. Particles are heated from the sides of the reactor.  
The reactor design is a hot-walled FBCVD system. Figure 4.02(a) shows a 
photograph and Figure 4.02(b) shows a schematic of the system. Precursors were 
heated in stainless steel bubblers, with brass jackets and heating bands. The 
temperature of the bubblers was controlled by Thermotron controllers with RS k-
type thermocouples. The gas lines consisted of stainless steel pipes fitted with 
heating tapes (Electrothermal 400 W, 230 V) and controlled by Thermotron 
controllers with RS k-type thermocouples. The precursors were mixed in a stainless 
steel mixing chamber prior to entering the reactor. The reactor consisted of a 
vertically mounted tube furnace fitted with a Eurotherm controller.  
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Figure 4.02: (a) Photograph showing FBCVD reactor in fumehood and (b) Schematic 
showing the FBCVD design. 
 
4.2 Synthesis of anatase, rutile, mixed anatase/rutile single shelled and 
rutile@anatase multi-shelled particles 
4.2.1 Aim 
To determine the effectiveness of the FBCVD rig design outlined above, a case 
study involving the synthesis of TiO2 coatings onto powder supports was 
undertaken. This was to evaluate the ability of the reactor to produce crystalline, 
uniform coatings and determine whether there were any significant drawbacks to 
the design. 
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4.2.2 Experimental 
For the following reactions the titanium precursor source used was titanium (IV) 
chloride (TiCl4, 99.9%) and the oxygen precursor source used was ethyl acetate 
anhydrous (C4H8O2, 99.8%) both precursors were purchased from Sigma Aldrich 
UK. The substrate used was mica (Symic C001, synthetic fluorphlogopite:TiO2 
80:20), particle size range 10-40 μm, purchased from Eckert. All precursors and 
substrates were used as purchased without additional chemical treatment.  
For the synthesis of TiO2 layers, TiCl4 was placed in bubbler 1 and ethyl acetate 
was placed in bubbler 2. Bubbler 1 and 2 was heated to 75 and 40 °C respectively. 
This achieved a suitable vapour pressure from the precursors. Approx. 3g of mica 
substrate was loaded into the reactor in a typical deposition. The reactor was set to 
500 °C (ramp rate 10 °C min-1), when this temperature was reached the reactor was 
left for a further 30 minutes to ensure uniform heating of the substrate. All lines were 
heated to 150 °C, ensuring the precursors did not condense inside. The mixing 
chamber was heated to 150 °C. When depositing, the plain flow N2 would be 
increased to 10 L min-1 this achieved both the fluidisation of the powder substrate 
and also ensured that the precursors were sufficiently mixed. The flow controllers 
for bubbler 1 and 2 were set to 0.6 L min-1, with nitrogen switched to pass through 
the precursor. This gave a mass flow rate of 1:2.4 TiCl4: ethyl acetate, as a slight 
excess of the oxygen precursor was found to give reproducible results. The 
precursors would then be simultaneously switched into the mixing chamber by a 3-
way valve. Depositions would typically last 30 minutes after which the 3-way valve 
would be switched back and the nitrogen flow to the precursor would be closed. The 
reactor was left to cool under a flow of nitrogen, with samples only being removed 
when the temperature was below 200 °C. 
To ensure crystallinity samples were post-annealed, in air, between 500 and 1000 
°C. This was achieved using a furnace (ramp rate 20 °C min-1) fitted with a 
Eurotherm controller. 
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4.2.3 Sample descriptions 
Two initial coatings of TiO2 on mica substrates were synthesised, these were 
synthesised at 500 and 550 °C by a single 30 minute deposition. These samples 
were characterised by XRD to determine the crystallinity of the TiO2 layer. 
A further four TiO2 coatings were synthesised on the FBCVD these were pure 
anatase, pure rutile, a mixed phase anatase/rutile and a multi-shelled anatase on 
rutile. The anatase, rutile and mixed samples were all achieved by a single 30 
minute deposition followed by a post-annealing treatment. The multi-shelled 
structures were achieved by an initial 30 minute deposition followed by a post-
treatment of the sample, before the sample was transferred back into the FBCVD 
and an additional layer was applied. Pictorial representations of the particles 
described can be found in Figure 4.03. This over-layer was also post-annealed to 
ensure crystallinity. The sample descriptions and conditions are summarised in 
Table 4.1.  
 
Figure 4.03: Pictorial representations of anatase, rutile and mixed single shelled particles 
and multi-shell rutile@anatase particles.  
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Name Description 
 
Deposition 
Conditions 
Annealing 
Conditions 
  Time 
(mins) 
Temp 
(°C) 
Time 
(hrs) 
Temp 
(°C) 
TiO2 on mica at 
500 °C 
Initial TiO2 deposition on 
mica substrate 
30 500 N/A N/A 
TiO2 on mica at 
550 °C 
Initial TiO2 deposition on 
mica substrate 
30 550 N/A N/A 
Anatase Pure anatase single 
shell on mica 
30 500 10 
 
500 
Mixed 
Anatase/Rutile 
Mixed phase anatase 
and rutile single shell on 
mica 
30 500 10 750 
Rutile Pure rutile single shell 
on mica 
30 500 10 1000 
Multi-shell 
Rutile@Anatase 
Double shell anatase on 
rutile on mica 
30 
 
30 
500 
 
500 
10 
 
10 
1000 
 
500 
Table 4.1: Synthesis conditions of single and multi-shelled TiO2 layers on mica supports 
 
4.2.4 Film Characterisation 
X-ray diffraction (XRD) studies were carried out using a Stoe (Mo) StaniP 
diffractometer. The instrument operates with a Mo X-ray source (Mo tube 50 kV 30 
mA), monochromated (Pre-sample Ge (111) monochromator selects Kα1 only) and 
a Dectris Mython 1k silicon strip detector covering 18° (2θ). Samples were run in 
transmission mode, with the sample being rotated in the X-ray beam. The diffraction 
patterns obtained were compared with database standards from the Inorganic 
Crystal Structure Database (ICSD) based in Karlsruhe, Germany. Raman 
spectroscopy was carried out using a Renishaw 1000 spectrometer equipped with a 
633 nm laser. The Raman system was calibrated using a silicon reference. UV/vis 
spectroscopy was performed using a Perkin Elmer Lambda 950 UV/Vis/NIR 
Spectrophotometer. The absorption spectra were recorded via diffuse reflectance, 
with the samples being deposited onto microscope slides. A Labsphere reflectance 
standard was used as reference in the UV/vis measurements. Transmission 
electron microscopy (TEM) images were obtained using a JEM-100CX II TEM with 
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a W source operating at an acceleration voltage of 100 kV. Micrographs were 
recorded on a Gatan Erlangshen ES500W. The powders were sonicated and 
suspended in methanol and drop-cast onto a 400 Cu mesh lacy carbon film grid 
(Agar Scientific Ltd.) for TEM analysis. Low-temperature nitrogen adsorption-
desorption isotherms were measured at 77 K using a Quantachrome Autosorb-IQ2 
machine. Specific surface area was measured using the desorption isotherm within 
relative pressures of 0.01 and 0.3, in accordance with the Brunauer-Emmett-Teller 
(BET) method. Scherrer analysis was performed using the Scherrer equation,235, 236 
4.1. Peak broadening due to the X-ray diffractometer was determined by 
comparison to a Y2O3 standard.  
𝐵(2𝜃) =
𝐾𝜆
𝐿𝑐𝑜𝑠𝜃
    (4.1) 
Where:  
B(2θ) is the mean size of the crystallites 
K is the shape factor (this is dimensionless) and can vary between 0.62 to 2.08 
λ is the X-ray wavelength 
L is the peak broadening at FWHM after the peak broadening due to the X-ray 
diffractometer is removed 
θ is the Bragg angle 
4.2.5 Photocatalytic testing 
For the evaluation of their photocatalytic activity, the samples were dip-coated onto 
borosilicate glass slides from 1 wt.% aqueous solutions. The immersion time was 10 
s and withdrawal of 30 cm min-1 during the dip coating process. The samples were 
then dried overnight at 100C. A layer of stearic acid was drop-cast onto the 
samples from a chloroform solution (0.05 M). The degradation of the acid was 
monitored by infrared spectroscopy (2700 – 3000 cm-1) using a Perkin Elmer RX-I 
Fourier transform infrared spectrometer. The samples were irradiated in a home-
built light box equipped with six blacklight blue fluorescent tubes (UVA 6×18W) and 
an extractor fan. The irradiance (4  0.2 mW cm-2) at sample position was measured 
using a UVX radiometer (UVP). The area of the sample under illumination was 3.14 
cm2. 
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4.3 Results and discussion 
Using a custom rig, designed and built for the project, thin films of TiO2 were 
deposited on mica substrates. The reactor was a hot-walled design, with a tube 
furnace being both the reaction chamber and the heat source (shown in Figure 
4.02). The TiO2 films were synthesised by the reaction between TiCl4 and ethyl 
acetate, Equation 4.2. As previously discussed, in chapter 2, the exact mechanism 
by which ethyl acetate decomposes in the reaction is unknown, but the mechanism 
described in Equation 2.3 is again the most likely route. 
TiCl4 + ethyl acetate  TiO2 + byproducts    (4.2) 
Precursors were placed in bubblers, which allowed the control of partial pressures 
through temperature and flow rates. In a typical reaction, the TiCl4 bubbler was 
heated to 75 °C and the ethyl acetate to 40 °C. Both bubblers had a N2 flow rate of 
0.6 L min-1 during depositions.  
4.3.1 Initial depositions of TiO2 
To determine whether the FBCVD reactor was suitable for the deposition of thin 
films onto powder substrates, TiO2 on mica depositions were performed. Two 
temperatures were chosen for the initial depositions, 500 and 550 °C. Depositions 
times were 30 minutes in length.  
The as deposited TiO2 films were characterised by XRD, Figure 4.04. Before 
depositing, the mica substrate had no reflections that could be assigned to anatase 
TiO2. Post deposition, there are clear peaks present in the XRD data, with the peak 
at 11.58 2θ/ ° (anatase 101) being the most intense. The crystallinity, however, of 
both samples is poor. This suggests that there is poor thermal conductivity between 
the powder and the side of the FBCVD reactor. It was decided to post-anneal all 
subsequent samples to ensure crystallinity.  
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Figure 4.04: X-ray diffraction patterns for TiO2 on mica depositions at 500 and 550 °C with 
the mica substrate and an anatase reference, ICSD 9852. The additional peaks in the 
patterns for the TiO2 on mica are attributed to the mica substrate. λ = 0.7093 Å. 
4.3.2 Deposition of anatase, rutile, mixed anatase/rutile single shelled and 
multi-shelled rutile@anatase films on mica 
4.3.2.1 Optical properties 
The as deposited films, prior to any post-annealing treatment, had a greyish colour 
which was attributed to the underlying mica substrate which was a silver/grey. When 
the powders had been post-annealed, the anatase sample maintained this original 
colour- suggesting that the TiO2 film was transparent. The mixed anatase/rutile, 
pure rutile and rutile@anatase samples all had a golden/cream colour post-
annealing. This colour was attributed to the rutile phase. Diffuse UV/Vis spectra 
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were obtained for all samples to determine the absorption characteristics and to 
calculate Tauc plots to estimate band-gap energies.  
 
Figure 4.05: Diffuse UV/Vis absorbance spectra data for samples anatase, rutile, mixed 
anatase/rutile and multi-shell rutile@anatase.  
 
 
Figure 4.06: Tauc plots for samples anatase, rutile, mixed anatase/rutile and multi-shell 
rutile@anatase showing calculated band-gap energies.  
The UV/Vis diffuse reflectance absorbance data, shown in Figure 4.05, showed a 
red-shift of the rutile sample, this is in agreement with literature values where rutile 
is quoted as having a band-gap of 3.0 eV compared to 3.2 eV for anatase.237 The 
diffuse reflectance data also suggested that the mixed anatase/rutile had a large 
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anatase component, whereas the multi-shell rutile@anatase showed a larger rutile 
component. The absorbance measurements were used to calculate Tauc plots for 
the samples.238, 239 A Tauc plot allows for the estimation of band-gap energies for 
undoped semi-conductors from absorbance data. When electrons are promoted 
from the valence into the conduction band (in a semi-conductor) there is a large 
increase in absorption in the associated electromagnetic wavelength region. If the 
energy of the incoming photons (eV) is plotted against the absorption of the material 
multiplied by the energy of the incoming photons (a*hv) a linear region on the curve 
denotes the on-set of the band-gap. The ½ on the y axis denotes that for TiO2 this 
process is direct and allowed.  
Figure 4.06 shows the Tauc plots for all samples, both the pure anatase and rutile 
samples values were in good agreement with those reported in the literature of 3.2 
and 3.0 eV respectively.240, 241 The mixed anatase/rutile showed a value of 3.18 eV 
and the multi-shell rutile@anatase had a value of 3.05 eV.      
 
4.3.2.2 Phase identification 
X-ray diffraction measurements were obtained to determine the phase purity of the 
samples synthesised, Figure 4.07. The anatase and rutile samples were found to be 
in good agreement with crystallographic standards obtained from the ICSD 
database. Surprisingly, both the multi-shell rutile@anatase and mixed anatase/rutile 
samples showed a similar proportion of the anatase and rutile phases when the 
intensity ratios of the peaks in the patterns were compared. This was not observed 
in the UV/Vis diffuse spectra, where the mixed anatase/rutile showed a greater 
anatase and the multi-shell rutile@anatase showed a larger rutile component. 
Raman spectra were also obtained to elucidate the phases present at the surface of 
the samples, Figure 4.08. The anatase and rutile samples showed band structures 
in agreement with literature values.242 The mixed anatase/rutile showed a band 
structure associated with a mixture of the two phases at the surface, with the 150 
cm-1 (B1g) rutile band being likely masked by the stronger 144 cm
-1 (Eg) anatase 
band. The multi-shell rutile@anatase showed a band structure due to the anatase 
phase only. This suggests that the surface of the multi-shell sample is anatase with 
a large rutile core when the XRD and UV/Vis data are taken into account. This is the 
expected result from the deposition of a rutile layer followed by an anatase over-
layer and suggests that it is possible to achieve multi-shelled structures of different 
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phases of TiO2. This is interesting as often rutile TiO2 will act as a “seed” for 
crystallisation and promote the rutile phase at lower temperatures.243 The poor 
crystallinity of the TiO2 films from the FBCVD reactor could explain why this is not 
seen, as an amorphous TiO2 layer can buffer the seeding effect.
244, 245    
 
Figure 4.07: XRD patterns for samples anatase, rutile, mixed anatase/rutile, multi-shell 
rutile@anatase shown with ICSD standards for anatase and rutile TiO2. Additional peaks are 
due to the mica substrate and are denoted by (*). λ = 0.7093 Å. 
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Figure 4.08: Raman spectra for samples anatase, rutile, mixed anatase/rutile and multi-shell 
rutile@anatase. All TiO2 bands are numbered with mica bands being denoted by (*). Laser 
wavelength = 633 nm.   
 
4.3.2.3 Morphology and film growth rates 
To determine the morphology of the particles present in the samples, Transmission 
Electron Microscopy (TEM) images were taken, Figure 4.09. The anatase and multi-
shell rutile@anatase both show a similar rounded particle shape with the anatase 
sample showing a larger range in particle sizes than the multi-shell rutile@anatase 
sample. The rutile sample showed a more hexagonal type structure to the particle 
shape with the particles being on average smaller than the anatase analogues. The 
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mixed anatase/rutile sample was in between the anatase and rutile structures 
displaying some hexagonal and more rounded particle shapes. Finally, only on the 
multi-shell rutile@anatase could evidence for multiple shells be observed. There 
were no obvious defects present in the multi-shell rutile@anatase particles, 
suggesting that there is uniform coverage of the TiO2 layers.  
To determine the growth rate of the TiO2 layers by FBCVD, the multi-shelled TEM 
images were used. This was due to the clear contrast difference between the outer 
(anatase) shell and the inner (rutile) shell. As all depositions were 30 minutes in 
length, the average growth rates for all samples should be similar. The outer shell 
present in Figure 4.09(d) shows a thickness of approx. 50 nm. This suggests that 
the average growth rate for these samples is 1.7 nm per minute. Whilst this appears 
to be a low number, especially when compared to traditional CVD growth rates of 
100s of nm per minute, the surface area of the substrate must be taken into 
consideration. In a traditional horizontal flat-bed CVD reactor, the substrate will have 
a surface area of a few m2. The mica substrate had a surface area in the order of 10 
m3, with this being an order of magnitude difference the reduced growth rates on 
these powder samples is to be expected.   
 
Figure 4.09: Transmission Electron Microscopy images for (a) Anatase, (b) Rutile, (c) Mixed 
anatase/rutile single shell structures and (d) multi-shell rutile@anatase showing outer and 
inner shell structure. 
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BET analysis was used to determine the surface areas of the samples, which gave 
values of 3-12 m2 g-1, Table 4.2, which is in accordance with literature values for 
similar sized TiO2 particles.
246 These values are significantly lower than those for 
standard commercial powders, such as P25, with literature values of 56 m2 g-1.247 
The BET results could be matched with the particle sizes observed in the above 
TEM images, Figure 4.09. It can be seen that the anatase and rutile samples have 
similar particle sizes in the TEM images and this matches well with the BET analysis 
which gave both as 5 m2 g-1. The mixed phase sample, Figure 4.09 (c), has the 
smallest particle sizes and the largest surface area by BET analysis. The multi-
shelled sample has the largest particles, so having the lowest surface area is not 
surprising. The relatively low surface areas determined also suggested that the 
samples exhibited low porosity, suggesting that there is good coverage by FBCVD 
synthesis.  
Scherrer analysis of the particle sizes, Table 4.2, was also in agreement with the 
TEM images- with the average size estimated from the TEM being 50-70 nm. As 
shown, the Scherrer analysis gives very similar particle sizes.      
Sample SBET 
(m2 g-1) 
Scherrer Size  
(nm) 
Anatase 5 65 
Mixed Anatase/Rutile 12 60 
Rutile 5 58 
Multi-shell Rutile@Anatase 3 63 
Table 4.2: BET surface area analysis and Scherrer size analysis for samples Anatase, 
Mixed Anatase/Rutile, Rutile and Multi-shell Rutile@Anatase synthesised by FBCVD of TiCl4 
and Ethyl Acetate. All samples were post annealed (Table 4.1) before BET and Scherrer 
analysis. 
4.3.2.4 Photocatalytic properties 
To evaluate the photocatalytic properties of the samples, stearic acid destruction 
measurements were obtained. Stearic acid is a model organic pollutant that is 
stable to UV degradation in the absence of a photocatalyst. The mineralisation of 
the acid results in the decomposition as previously shown in Equation 3.4. The 
mineralisation of stearic acid has zero order kinetics, and the degradation of the 
acid can be followed by FTIR measurements, as the C-H bands (between 2700-
3000 cm-1) will steadily decrease in intensity as the acid is degraded, shown in 
Figure 4.10.                                                                                                          
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Figure 4.10: Typical IR spectrum of stearic acid showing the decrease in intensity of the 
characteristic C-H stretching frequencies during UV illumination on TiO2 substrate over 38 
hour exposure.  
The integrated stearic acid destruction rates, Figure 4.11, show that the pure 
anatase sample has the highest photocatalytic potential of all the samples under UV 
irradiation. The rutile sample is practically inactive. Even though the rutile polymorph 
has a smaller band-gap, and so can utilise lower energy photons, it suffers from 
rapid recombination of photo-induced electrons and holes.248, 249 The anatase 
sample is shown to have the greatest photocatalytic destruction of stearic acid 
under the UV irradiation. It is expected that the anatase polymorph will show higher 
photocatalytic rates than the rutile polymorph.250  
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Figure 4.11: Integrated areas of stearic acid destruction for samples anatase, rutile, mixed 
anatase/rutile and multi-shell rutile@anatase under UVA irradiation (4  0.2 mW cm
-2
). 
Stearic acid destruction on uncoated mica substrate included as a reference.  
The mixed anatase/rutile and multi-shell rutile@anatase samples showed rates that 
were intermediate of the two pure polymorphs of TiO2. This was not unexpected 
when the UV/Vis and Tauc plots were taken into account. The photocatalytic rates 
observed mirrored the relative anatase/rutile contents of the samples, with the 
mixed anatase/rutile sample showing a higher anatase content and higher 
photocatalytic rate of stearic acid destruction, whilst the multi-shelled 
rutile@anatase sample showed a higher rutile content and a lower rate of stearic 
acid destruction.  
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Figure 4.12: Formal quantum yields for all samples, showing the number of stearic acid 
molecules destroyed per photon absorbed.  
The formal quantum yields (), Figure 4.12, calculated for these samples are 
consistent with values for thin films (<100 nm) of TiO2.
251 The photocatalytic activity 
can be expressed as formal quantum efficiency (), defined as molecules degraded 
per incident photon (molec photon−1). In this case, it was assumed that all incident 
photos were absorbed by the photocatalyst and they all had the same energy, 
corresponding to 365 nm (E = 3.39 eV).The formal quantum yields appear to be low 
at first glance, however for a single molecule of stearic acid to be completely 
destroyed requires 104 photons.251 Once this is taken into account the process is 
not as inefficient as it first appears. It may seem surprising to state that these 
samples act more like thin films than nanoparticles of TiO2, however, CVD 
techniques favour the formation of many small crystallites over single crystals. This 
is elucidated by the TEM images which clearly show layers rather than individual 
particles. 
The surprising result was when the photocatalytic data was compared with other 
examples in the literature. There have been numerous reports of multi-component 
anatase/rutile systems that show superior photocatalytic rates to either pure 
anatase or rutile analogues.244, 252, 253 This has been attributed by Hurum et al. to an 
effective charge transfer separation between the anatase and rutile polymorphs.254 
Further evidence for this process was shown by a study performed by Scanlon et 
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al.255 This study also showed that the charge transfer from anatase to rutile was due 
to defects at the heterojunction level, with these defects acting as deep electron trap 
levels with the trapped electrons being ~1 eV below the rutile conduction band. A 
key proposed step in the photodegradation of organic molecules is the formation of 
hydroxyl and hydroperoxyl radicals (•OH, •O2H), which are thought to form on the 
reaction of water with photogenerated holes.256 Therefore, if the lifetime of the 
photogenerated holes can be increased, through a process such as electron 
trapping, there should be a subsequent increase in the photocatalytic destruction of 
organic molecules.  
The results shown above would appear to contradict these other reported results. A 
reasonable explanation for the lower photocatalytic rates of both the mixed 
anatase/rutile and multi-shell rutile@anatase could be the exposure of the 
components. The multi-shell rutile@anatase structure has anatase at the surface of 
the particle, established from Raman spectroscopy, and a rutile core. This means 
that the rutile component is not exposed in this sample, exposure of both 
components of the system appear to be essential for increased photocatalytic 
activity. Studies where rutile TiO2 has been both decorated and coated in anatase 
supports this.252, 257 Kandiel et al.252 synthesised rutile nanorods and decorated 
these with anatase nanospheres. Initially, photocatalytic rates of destruction 
increased, but as more anatase was deposited the rates decreased. Zhang et al.257 
observed a similar effect for H2 evolution from anatase decorated rutile 
nanoparticles. When the anatase loading was increased above 15 wt.%, the activity 
of the samples began to decline.   
Taking into account the need for both the rutile and anatase components to be 
exposed for increased photocatalytic rates, the results observed are not surprising. 
From the TEM images, it is clearly shown that the multi-shell rutile@anatase are 
uniformly coated with no obvious defects in the layers. This means that the 
electrons trapped in the rutile component are not going to be available for reduction 
of species on the surface of the particles. Instead, the rutile inner layer in each 
particle is going to act as a recombination centre- with subsequent reduction in 
photocatalytic rates.  
The mixed anatase/rutile is slightly more complex, as the TEM images show a 
morphology that is intermediate of the pure rutile and anatase samples. This most 
likely means that there is a large, and relatively inactive, rutile component, with the 
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photocatalytic destruction of the stearic acid due to the anatase component that is 
still present in the sample.  
 
4.4 Conclusions 
The method reported in this chapter is a demonstration of a novel route towards 
multiple layered structures of TiO2 on powder substrates via chemical vapour 
deposition. This is an easily scalable, cost-effective, cheap and high-throughput 
method for producing multi-shelled and core-shell structures of TiO2- although 
currently a post-annealing process is required to ensure crystallinity. The CVD 
nature of the process also allows for the potential to tailor the material, through 
doping of the shells and shell thicknesses, to achieve the desired properties for the 
target material. There are also numerous combinations of materials that have been 
produced via CVD methods, which could potentially be produced on the FBCVD 
system, allowing for many potential multi-shelled systems to be investigated.    
The initial experiments showed that while TiO2 thin films could be deposited onto 
powder substrates, the crystallinity of the films were poor. This was addressed by a 
post-annealing process, which greatly improved the crystallinity and hence the 
photocatalytic properties of the films.  
The poor crystallinity of the as deposited films was most likely due to poor thermal 
contact between the substrate and the reactor chamber. This did not, however, 
affect the ability to evenly coat the samples- as shown in the TEM images.  
The single and multi-shelled materials synthesised have good coverage, as shown 
by the decrease in photocatalytic rates when in the multi-shell rutile@anatase. 
When the rutile component was encapsulated the result was a decrease in 
photocatalytic rates most likely due to a higher recombination rate of photo-induced 
electrons and holes. This demonstrated that the rutile and anatase polymorphs must 
both be exposed for an effective increase in photocatalysis to be observed, 
supporting research by other groups in the field.  
The FBCVD method could be employed to coat desirable materials, such as 
photocatalysts, battery materials and thermochromic materials, onto templates to 
achieve morphologies that are not available by traditional CVD techniques. The 
current routes usually require methods, such as hydrothermal synthesis, that are not 
readily scalable and require long reaction times with expensive precursors.  
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Future work on the FBCVD system would be based around the production of core-
shell structures for photocatalytic applications, such as CuO@TiO2, CdS@TiO2 and 
ZnO@TiO2, as well as the production of exposed multi-layered systems. The latter 
idea could be achieved through the use of a template, such as carbon nanoparticles 
and fibres, which could be calcined after depositions of multiple layers leading to the 
exposure of both components of the system. These two research areas would allow 
for the study of both the interactions of these systems and the probing of the 
properties achieved as well as providing a scalable route to composite materials.     
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Chapter 5: Hydrothermal Flow Synthesis of VO2 nanoparticles 
5.1 Introduction 
The synthesis of monoclinic VO2 nanoparticles has been an area of intense 
research for building fenestration.152 This research is focused on reducing the 
absorption of visible wavelengths by VO2 materials, which is aesthetically 
unpleasing brown/yellow colour.  This is the primary reason for thin films of VO2 not 
being implemented for energy efficient applications.30, 133 Nanoparticle routes have 
been suggested as a possible route to alleviate the poor visible transmission 
inherent in thin films of VO2.  
Granqvist et al. have extensively modelled the use of nanoparticles of VO2 and have 
suggested that reducing the size of the particles below 50 nm, as well as the 
incorporation of core-shell structures would maintain the thermochromic response 
whilst reducing absorption of visible wavelengths.151, 183 This research has also been 
supported by experimental work which demonstrated the properties of such 
systems.160  
Monoclinic VO2 nanoparticles have been demonstrated by batch hydrothermal,
26, 29, 
90, 258 ion implantation,259, 260 reduction of V2O5 nanoparticles
261 and sol-gel synthetic 
techniques.147 All of these methods, however, will be difficult to scale for industrial 
purposes due to long reaction times,29, 262 i.e. 24-48 hours, low reaction yields,147 
high reaction temperatures263, 264 (up to 800 °C) and expensive post formation 
processing to ensure phase purity.190, 265  
Continuous Hydrothermal Flow Synthesis (CHFS) offers a possible route to produce 
highly crystalline monoclinic VO2 nanoparticles in a high-throughput way. CHFS has 
been previously demonstrated for nanoparticle formation of TiO2,
266 NiCo2O4,
267 
In2O3,
268 Zn-Ce oxides269 and ceramics.270 In the CHFS process, nanoparticles are 
formed when an ambient stream of metal precursor is rapidly mixed with a 
supercritical (450 °C) stream of water. This usually results in the metal salt being 
hydrolysed and subsequently dehydrated forming the desired metal oxide.86 This is 
a very rapid process, with typical reaction times of between 5-20 seconds.271 This 
allows for large scale synthesis of nanoparticles, kg h-1, with the reaction maintained 
as long as the metal precursor is fed and mixed with the supercritical water.272 
Described within this chapter is a method for synthesising VO2 nanoparticles from a 
CHFS process. The residence time (the length of time the nanoparticles were at the 
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mixing temperature, between 5-27 seconds) and mixing temperature were altered to 
determine the effect on the nanoparticles produced. This is the first demonstration 
of CHFS for the production of VO2 nanoparticles, such a route would allow for the 
high-throughput synthesis of VO2 nanoparticles with potential uses in battery
6, 8, 116 
as well as thermochromic technologies.28, 262 
 
5.1.1 The Continuous Hydrothermal Flow Synthesis reactor 
The CHFS syntheses reported within this chapter were performed on a specially 
designed reactor. In a CHFS process, nanoparticles form when a stream of 
supercritical (or superheated) water (the supercritical water was at a temperature of 
450 °C and 24.1 MPa) are mixed with a stream of an aqueous metal precursor 
(usually at room temperature). The mixing is achieved using a reactor (mixer) 
arrangement, during which a rapid conversion of the metal salt into metal oxide 
occurs by instantaneous hydrolysis and dehydration.86 Figure 5.01 shows a 
schematic diagram of the CHFS process used to produce all samples discussed in 
this chapter. Three high-pressure diaphragm pumps P-1 to P-3 (Milton Roy, 
Primeroyal K) were used to supply reagents and water for the reactions. P-1 was 
used to supply the supercritical water for the process, the flow rate for this pump is 
defined as Qsw. P-2 and P-3 were used to supply the aqueous metal precursor and 
D.I. water to the reactor respectively, as the streams are mixed before entering the 
reactor, the flow rates are defined together as Qp.  
Pump P-1 was used to supply a flow of deionised water, which was heated to 450 
°C at a pressure of 24.1 MPa (i.e. above the critical point of water, Tc = 374 °C and 
Pc = 22.1 MPa) by pumping through a heating unit (7 kW). The combined feeds of 
P-2 and P-3 were mixed with the supercritical water feed, in a confined jet mixer 
(CJM), Figure 5.02. Within the mixer arrangement, supercritical water was mixed 
with the precursor streams this was achieved through a 1/4 ” Swagelok pipe fitted to 
a 3/8 ” cross using a 1/4 ” to 3/8 ” bored-through reducer, allowing the tube to 
extend into a stream of precursors issuing from P-2 and P-3, which were fed in 
below the outlet of the supercritical water. The nanoparticles formed remained at 
reaction (mixing) temperature for a particular ‘residence’ time. The nanoparticles 
were then rapidly cooled by passing through a pipe-in-pipe heat-exchanger. The 
resulting nanoparticle slurry was then collected in an open beaker at ~25 °C after 
passing through a back pressure regulator (TESCOM model 26-1762-24-194) valve.  
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Figure 5.01: Schematic diagram of CHFS process used to produce VO2 nanoparticles 
discussed in this chapter. Heater set-point was 450 °C for all samples discussed.  
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Figure 5.02: Geometry of confined jet mixer.
271
 Figure used with permission from journal.  
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5.2 Synthesis of VO2 nanoparticles by CHFS  
5.2.1 Aim 
To determine whether a CHFS process can be used to successfully synthesise VO2 
nanoparticles. To determine the phase/s formed and crystallinity of the 
nanoparticles produced. To determine the effect of mixing temperature and 
residence time on the phase/s and morphology of the nanoparticles synthesised.  
5.2.2 Experimental 
The synthesis of VO2 nanoparticles was achieved by the reaction of a vanadium (IV) 
precursor solution. This solution was synthesised by the reduction of ammonium 
metavanadate (NH4VO3, 99.9% purity) by oxalic acid (H2C2O4·2H2O, 99% purity) 
purchased from Sigma Aldrich and used without additional chemical treatment. The 
precursors were dissolved in DI water (15 MΩcm), from an Elga Purelab Option DV 
25. 
In a typical reaction, ammonium metavanadate (23.04 g : 0.2 mol) and oxalic acid 
(50.42 g : 0.4 mol) was dissolved in 2.0 L of DI water. The solution was stirred at 
room temperature for 4 hours, resulting in the formation of a deep blue solution. 
This was then left to age overnight. This resulted in a 0.1 M stock solution. 
The as synthesised vanadium (IV) precursor solution would be transferred to P-2 for 
the synthesis of the nanoparticles, in a typical CHFS reaction 400 cm3 of the stock 
solution was in the feed for P-2. The reactor set-point would be set to 450 °C and 
the pressures for P-1, P-2 and P-3 would be set. Once the reactor set-point had 
been reached, P-2 would be switched from the DI water feed to the precursor feed 
by a two-way valve. P-1 and P-3 would be left with DI water feeds flowing through 
them. The feeds generally took ~5 minutes to reach the mixer, with a black 
nanoparticle-containing slurry seen at the back pressure valve. Typically 900 cm3 of 
slurry would be collected. This slurry would then be cleaned by centrifugation and 
washing, with DI water, followed by dialysis, for 24 hours, before being freeze dried 
(Virtis Genesis 35XL) by slowly heating from -40 °C to 25 °C over 24 hours under 
vacuum < 100 mTorr. 
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5.2.3 Sample descriptions 
An initial series of 5 experiments were conducted, where the concentration of the 
vanadium precursor solution was altered and the addition of a base, to initiate 
crystallisation of the VO2, was evaluated. These samples were characterised by 
powder X-ray diffraction and transmission electron microscopy. Sample descriptions 
and synthesis conditions for these initial reactions are summarised in Table 5.1. 
A further series of 4 experiments were conducted, where the effect of residence 
time and mixing temperature on the phase and morphology of the VO2 synthesised 
was evaluated. These samples were post annealed, ~1 g of material was in a 
crucible and heated in a tube furnace, fitted with Eurotherm controller, to 600 °C 
(ramp rate 20 °C min-1) for 2 hours under a nitrogen atmosphere (BOC, 99.9%). The 
samples are then left to cool under a flow of nitrogen and were only removed when 
below 80 °C. These samples were characterised powder X-ray diffraction, Raman 
spectroscopy, UV/Vis spectroscopy, X-ray photoelectron spectroscopy and 
transmission electron microscopy. Sample descriptions and synthesis conditions for 
these variable residence times and mixing temperatures are summarised in Table 
5.2.   
 
Name Mixing Temp  
(°C) 
[VO2] P-2 
(mol/L) 
[KOH] P-3 
(mol/L) 
VO2 335 0.1 0 
VO2-B1 335 0.1 0.1 
VO2-B2 335 0.1 0.2 
VO2-B3 335 0.1 0.4 
VO2-B4 335 0.1 0.6 
Table 5.1: Sample descriptions for initial VO2 nanoparticles synthesised by CHFS, the 
concentration of the base was varied to determine the effect on the nanoparticles formed. 
Set-point temperature for all reactions was 450 °C. 
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Name Mixing 
Temp 
(°C) 
Qsw 
(mL 
min-1) 
Qp 
(mL 
min-1) 
Residence 
time (s) 
[VO2] 
(mol/L) 
Annealing 
conditions 
 
Time 
(hrs) 
Temp 
(°C) 
VO2-335 335 80 80 22 0.5 2 600 
VO2-356 356 76 62 22 0.5 2 600 
VO2-375 375 80 50 20 0.5 2 600 
VO2-357 357 64 52 27 0.5 2 600 
Table 5.2: Sample descriptions for VO2 nanoparticles synthesised with varying residence 
times and mixing temperatures. All samples were post annealed at 600 °C to ensure phase 
pure monoclinic VO2. Set-point temperature for all reactions was 450 °C. 
 
5.2.4 Nanoparticle characterisation 
X-ray diffraction (XRD) studies were carried out using a Stoe (Mo) StadiP 
diffractometer. The instrument operates with a Mo X-ray source (Mo tube 50 kV 30 
mA), monochromated (Pre-sample Ge (111) monochromator selects Kα1 only) and 
a Dectris Mython 1k silicon strip detector covering 18° 2θ. Samples were run in 
transmission mode, with the sample being rotated in the X-ray beam. The diffraction 
patterns obtained were compared with database standards. Raman spectroscopy 
was carried out using a Renishaw 1000 spectrometer equipped with a 633 nm laser. 
The Raman system was calibrated using a silicon reference. UV/vis spectroscopy 
was performed using a Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotometer. 
The absorption spectra were recorded via diffuse reflectance, with the samples 
being deposited onto microscope slides. Heating of samples in the UV/Vis 
spectrometer was achieved by an aluminium temperature cell controlled by RS 
cartridge heaters, Eurotherm temperature controllers and k-type thermocouples. A 
Labsphere reflectance standard was used as reference in the UV/vis 
measurements. Transmission electron microscopy (TEM) images were obtained 
using a TEM Jeol 2100 with a LaB6 source operating at an acceleration voltage of 
200 kV. Micrographs were recorded on a Gatan Orius Charge-coupled device 
(CCD). The powders were sonicated and suspended in methanol and drop-casted 
onto a 400 Cu mesh lacey carbon film grid (Agar Scientific Ltd.) for TEM analysis. 
X-Ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific 
K-alpha spectrometer with monochromated Al Kα radiation, a dual beam charge 
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compensation system and constant pass energy of 50 eV (spot size 400 µm). 
Survey scans were collected in the range 0-1200 eV. XPS data was fitted using 
CasaXPS software, the vanadium 2p3/2 and O1s peaks were modelled with 
Gaussian functions. The Gaussian functions had a FWHM value of 1.8 and 1.7 for 
V5+ and V4+  respectively (with a tolerance of ±0.2) the oxygen had a FWHM of 1.8 
(with a tolerance of ±0.2) these values were obtained from literature 
measurements.166, 167 
5.3 Results and discussion 
Nanoparticles of VO2 were synthesised by CHFS. The nanoparticles were formed 
from a vanadium (IV) precursor solution, which was synthesised by the reduction of 
ammonium metavanadate by oxalic acid. This solution was used as the vanadium 
precursor for all reactions. The accepted reaction pathway between the metal 
carboxylate and oxalic acid is shown in equations 5.01, 5.02 and 5.03.273, 274 
  
 
 
5.3.1 Initial VO2 nanoparticle syntheses  
Initial VO2 nanoparticle syntheses were performed with the addition of a base, KOH, 
as for many CHFS reactions a base can facilitate nucleation of nanoparticles.275 A 
range of base concentrations were studied, as summarised in Table 5.1.   
Figure 5.03 shows the XRD patterns for the as formed VO2 nanoparticles from the 
CHFS reactor. When compared to the ICSD standard pattern, it is obvious that 
sample VO2 is the closest to the standard pattern. With the diffraction peaks at 12.7° 
(001), 16.9° (200), 19.1° (210), 24.8° (211) and 25.6° (022) (2θ, λ = 0.7093) being 
present for the XRD pattern for sample VO2, whereas, these are not all present for 
the other samples produced. It can be seen from the patterns for samples VO2-B1 to 
VO2-B4 that the higher the concentration of base the fewer peaks that can be 
matched to the standard. For the highest concentration of base, VO2-B4, additional 
peaks can be clearly identified. This suggests that additional phases are being 
   2 NH4VO3 + 4 H2C2O4  (NH4)2[(VO)2(C2O4)3] + 2 CO2 + 4 H2O        (5.01) 
 (NH4)2[(VO)2(C2O4)3]  2 VO(C2O4) + 2 NH3 + CO + CO2 + H2O          (5.02) 
                        VO(C2O4)  VO2 + CO + CO2                                            (5.03) 
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formed along with the VO2. This could be caused by high pH levels oxidising or 
reducing the vanadium ions in solution- due to the amphoteric nature of 
vanadium.276  
 
 
Figure 5.03: XRD patterns for initial reactions to form VO2 nanoparticles by CHFS reactions. 
VO2 is VO2 formed directly from vanadium precursor without addition of base, VO2-B1 is 1:1 
vanadium precursor to base, VO2-B2 is 1:2 vanadium precursor to base, VO2-B3 is 1:4 
vanadium precursor to base and VO2-B4 is 1:6 vanadium precursor to base. λ = 0.7093 Å.  
 
The phase purity of the samples synthesised can be estimated by the relative 
diffraction peak intensities in the XRD patterns. Even for sample VO2, it can be seen 
that the intensities do not match the standard, with the peaks at 12.7° and 16.9° 
showing the opposite relationship in intensities to the standard pattern- suggesting 
that the as synthesised VO2 particles are not phase pure. Interestingly, when 
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compared with the VO2 (B) standard, the samples could not be matched to the 
diffraction peaks for the (B) phase. This suggests that the bulk material is closest to 
the monoclinic phase of VO2.    
TEM micrographs were obtained for sample VO2, Figure 5.04. The sample 
morphology was roughly spherical with a large range in particle diameter from ~30 
to ~100 nm in size. A closer inspection of the particle shape, Figure 5.04 (b), shows 
that the particles are more closely linked to a hexagonal structure than a spherical 
morphology, which suggests that there is preferential growth as the particles grow in 
the reaction. Figure 5.04 (c) and (d) show evidence for lattice fringes in the particles. 
This shows that the particles are highly crystalline, which is a surprising result as the 
residence time for the formation of these particles is ~10 s and this sample received 
no additional treatment after formation. The d-spacing gave a value of 0.35 nm, 
which was matched to the VO2 (B) phase of VO2.
6, 277 Interestingly, the TEM d-
spacing disagreed with the XRD patterns for sample VO2.  
 
Figure 5.04: TEM micrographs for VO2 nanoparticles (sample VO2, no base) as formed from 
the CHFS process. a) Image showing range of spherical particle sizes from 100 to 30 nm 
diameter, b) Magnified image showing morphology of spherical particles showing more 
hexagonal features, c) close up image showing lattice fringes, d) lattice fringes from 
particles giving a d-spacing of 0.35 nm, which was matched to the VO2 (B) (110) plane.  
Chapter 5 
Continuous Hydrothermal Flow Synthesis of VO2 nanoparticles  
 
125 
 
To ensure phase purity of the samples, a post-annealing treatment was performed 
on sample VO2 to determine whether phase pure VO2 (M) could be produced. 
Approx. 1 g of VO2 was placed in a tube furnace and heated to 600 °C (ramp rate 
20 °C min-1) for 2 hours under a nitrogen atmosphere (BOC, 99.9%). Figure 5.05 
shows the XRD pattern for sample VO2 after the post annealing step. As shown, the 
diffraction peaks can now only be attributed to the monoclinic phase of VO2, there is 
no evidence for any additional phases in the data. The relative intensities of the 
diffraction peaks to each other now also closely matches the standard XRD pattern- 
suggesting phase pure monoclinic VO2 has been produced. Further evidence for the 
presence of the monoclinic phase of VO2 was determined by TEM micrographs, 
Figure 5.06. The lattice fringes, which are even more pronounced in the post 
annealed sample of VO2, gave a d-spacing of 0.32 nm, Figure 5.06 (d), which was 
matched to the (011) plane of monoclinic VO2.
278, 279 
The HRTEM also gave information on the effect the post annealing had on the 
morphology of the nanoparticles. It can be clearly seen in Figure 5.06 (a) and (b) 
that the average particle size is significantly larger than in the un-annealed sample. 
The edges of the particles are also less clearly defined, suggesting that there has 
been sintering of the particles during the post annealing step. Evidence for sintering 
is further strengthened by the particle morphology in Figure 5.06 (b). Here it can be 
seen that the particles no longer have a spherical or hexagonal structure, instead a 
shape that is closer to two particles merging is evident. This suggests that there is 
Ostwald ripening, where particles aggregate becoming more rectangular, occurring 
during the post annealing.92, 280, 281   
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Figure 5.05: XRD pattern for sample VO2 after post annealing treatment at 600 °C for 2 
hours under a nitrogen atmosphere. The diffraction peaks in the data can only be attributed 
to VO2 (M) there is no evidence for any additional phases. The relative intensities of the 
diffraction peaks to each other now also closely match the standard, suggesting phase pure 
monoclinic VO2. λ = 0.7093 Å.  
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Figure 5.06: HRTEM micrographs for VO2 post anneal; a) Particle morphology showing 
sintering effects, b) Micrograph showing Ostwald ripening effects in the nanoparticles, c) 
Lattice fringes for annealed particles and d) lattice fringes from nanoparticles gave a d-
spacing of 0.32 nm which was matched to the (011) plane of VO2 (M).   
 
From these preliminary studies, it was concluded that the best route for producing 
monoclinic VO2 nanoparticles was to use the vanadium (IV) precursor solution 
without the addition of base, as the XRD patterns showed that the VO2 synthesised 
using only the vanadium (IV) precursor had the highest number of diffraction peaks 
that could be matched to monoclinic VO2. The subsequent reactions in this chapter 
will look at the effect of mixing temperature and residence time to determine 
whether the formation of monoclinic VO2 can be promoted.  
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5.3.2 The influence of residence time and mixing temperature on the formation 
of VO2 nanoparticles synthesised by CHFS 
5.3.2.1 Phase identification 
 A series of VO2 nanoparticle samples were synthesised with the mixing 
temperature and residence time altered, as summarised in Table 5.2. The maximum 
residence time within the CHFS reactor for the nanoparticles was 27 seconds and 
the maximum mixing temperature was 375 °C.  
XRD patterns were obtained for all the VO2 samples as formed directly from the 
CHFS process, Figure 5.07. The XRD intensities correlate with the temperature of 
mixing, with sample VO2-375 having the highest mixing (reaction) temperature and 
the closest match to the standard VO2 (M) XRD pattern. The effect of residence time 
does not appear to have a large impact on the phase obtained, however, the 
difference between the residence times is very small only a maximum of 7 seconds. 
The surprising result was that nanoparticles of VO2 could be formed in ~20 s that 
were close to the monoclinic phase, when similar reactions in batch hydrothermal 
processes require 1-2 days to achieve the same result.28, 29, 90   
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Figure 5.07: XRD patterns for VO2 nanoparticles formed from CHFS process, VO2-335 = 
335 °C and 22 s, VO2-356 = 356 °C and 22 s, VO2-375 = 375 °C and 20 s and VO2-357 = 
357 °C and 27 s. All samples compared against ICSD VO2 (M) standard (34033). λ = 0.7093 
Å.  
 
To ensure phase purity, all samples were post-annealed at 600 °C (ramp rate 20 °C 
min-1) for 2 hours under a nitrogen atmosphere (BOC, 99.9%). After this post-
annealing treatment, a further set of XRD patterns were obtained for the samples, 
Figure 5.08.  
The diffraction peaks for all samples now match the ICSD VO2 monoclinic, apart 
from a few additional peaks for sample VO2-335 (labelled with an *) which was 
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attributed to an additional impurity phase of vanadium oxide. This was most likely a 
mixed oxide phase, known as a Magneli phase.170, 282 
The relative intensities of the diffraction peaks now closely mirror the VO2 
monoclinic standard, suggesting that the nanoparticles are phase pure and 
crystalline. All of the XRD patterns show narrowing of the diffraction peaks, which 
suggests that the particles have sintered and become larger as a result. From the 
preliminary reactions, this is not a surprising result. 
 
Figure 5.08: XRD patterns for post-annealed VO2 samples. VO2-335 = 335 °C and 22 s, 
VO2-356 = 356 °C and 22 s, VO2-375 = 375 °C and 20 s and VO2-357 = 357 °C and 27 s.  
All samples are compared against ICSD VO2 (M) standard (34033). Additional diffraction 
peaks are labelled with a (*). λ = 0.7093 Å.  
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To determine the phases present at the surface of the nanoparticles, Raman 
spectroscopy measurements were taken, Figure 5.09. The bands present in the 
spectra are attributed to monoclinic VO2.
58 All the bands present are within ± 2 cm-1 
of literature values.174, 175  
 
 
Figure 5.09: Raman spectra for all samples. VO2-335 = 335 °C and 22 s, VO2-356 = 356 °C 
and 22 s, VO2-375 = 375 °C and 20 s and VO2-357 = 357 °C and 27 s.  All samples have 
been post-annealed at 600 °C for 2 hours under a nitrogen atmosphere. Band numbers 
shown are for monoclinic VO2. Laser wavelength = 633 nm. 
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5.3.2.2 Morphology of nanoparticles 
TEM micrographs were obtained for the post-annealed VO2 samples, Figure 5.10. 
The first surprising result was the formation of rod-like geometries which had not 
been previously observed in the initial CHFS reactions. Samples VO2-335, VO2-356 
and VO2-357 displayed a mixture of rod and spherical like structures. Sample VO2-
375 showed only the spherical like structure and in this case the spheres had 
become more rectangular in nature, suggesting that there had been some sintering 
of the particles. As sample VO2 and VO2-375 show no evidence for rod-like 
formations after the post annealing process, the rods observed in samples VO2-335, 
VO2-356 and VO2-357 are attributed to growth within the CHFS reactor and not 
growth during the post annealing process.   
 
Figure 5.10: TEM micrographs for nanoparticles after post annealing process, a) VO2-335 
rod and spherical morphologies, b) VO2-356 close up of rod morphology, c) VO2-375 
spherical-like particle showing evidence of more rectangular geometry and d) VO2-357 
spherical and rod-like morphologies. The rod-like morphologies are attributed to growth 
within the CHFS reactor and not the post-annealing processes. 
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Rod and spherical-like morphologies have both been previously reported for 
monoclinic VO2 nanoparticles.
147, 278, 283 It is surprising to have both together in one 
sample this is attributed to the speed of particle formation, ~20 s, which would mean 
that the particles have little time to aggregate when forming.  
The mean particle sizes were determined from the TEM micrographs, Table 5.3. 
The spherical mean particle sizes correlate well with the mixing temperature, with 
the lowest mixing temperature, sample VO2-335, having the smallest mean particle 
size and the highest mixing temperature, sample VO2-375, having the largest mean 
particle size. The rod-like morphologies also show a relationship with the 
temperature of mixing, with an increase in mix temperature leading to longer and 
thinner rod like structures- this again supports the conclusion that these 
morphologies are formed within the CHFS reactor and not during the post-annealing 
process.  
The other notable features of the TEM micrographs are the nature by which the rod-
like particles appear to grow. For sample VO2-335, Figure 5.10 (a), the rod-like 
particles are all facing in a similar direction and the lengths and diameters of the 
rods are all very similar. This suggests that the particles may have had a relatively 
slow growth rate, allowing the particles to form these structures. This is in 
comparison to VO2-356, Figure 5.10 (b), where the higher mixing temperature in 
VO2-356 has caused the rod-like structures to grow from a centre point in all 
directions and although the diameters of the rods are similar to each other, the 
lengths of the individual rods are now very different. This suggests that the particle 
growth was much quicker, leading to the formation of these less ordered structures. 
This is argument is further strengthened by sample VO2-357, Figure 5.10 (d), which 
had a similar mixing temperature to VO2-356 but a longer residence time, 27 s as 
opposed to 22 s, in the CHFS reactor. The rod and spheres are showing many 
different particle sizes, with the overall structure being very chaotic. This suggests 
that the particles have begun to coalesce and aggregate as they are growing.284  
Comparing sample VO2 (mixing temp 335 °C, residence time 5 s) against VO2-335 
(mixing temp 335 °C, residence time 22 s) suggests that the initial particle growth in 
the CHFS process is a spherical particle growth, with rod-like morphologies forming 
as the residence time increases. The rod-like morphologies, as well as requiring 
long residence times, are temperature dependent, with higher mixing temperatures 
favouring spherical morphologies as demonstrated by sample VO2-375. It has been 
previously observed that increasing the mixing temperature in CHFS processes 
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produces faster nucleation,87 which could inhibit the formation of the rod-like 
particles.     
 
Sample Mixing  
Temp 
(°C) 
Residence  
Time 
(s) 
Mean particle size 
Spherical 
Particles 
(nm) 
Rod Particles 
(nm) 
Length Width 
VO2-335 335 22 46.3  
(± 13.1) 
239.9  
(± 55.2) 
68.3  
(± 9.7) 
VO2-356 356 22 193.4  
(± 38.9) 
425.3  
(± 49.8) 
35.3  
(± 5.2) 
VO2-375 375 20 339.2  
(± 129.5) 
Not  
Observed 
Not 
observed 
VO2-357 357 27 131.9  
(± 49.7) 
159.8  
(± 32.4) 
54.3 
(± 11.2) 
Table 5.3: Mean particle sizes for spherical and rod-like particles observed post annealed 
VO2 samples from the CHFS process.  
 
5.3.2.3 X-ray Photoelectron Spectroscopy 
To determine the oxidation state of the vanadium in the post annealed VO2 
powders, X-ray Photoelectron Spectroscopy (XPS) measurements were obtained. 
The binding energies for all elements were measured against carbon C1s (285.0 
eV).  
The surface vanadium oxidation state, Figure 5.11, was a mixture of V5+ (517.2 eV) 
and V4+ (515.7 eV). These values have been previously quoted for vanadium oxide 
species in the literature.166 As with thin films, the surface vanadium species will 
readily oxidise forming V2O5. As the surface areas of the powders are much greater 
than for thin films, the proportion of V5+ to V4+ would be expected to be higher.  
The O1s binding energy gave a similar result, with the deconvolution giving two 
oxygen environments, attributed to the binding of oxygen to the V5+ and V4+ in V2O5 
and VO2 respectively.
167  
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Figure 5.11: Surface XPS spectrum for vanadium binding energy from VO2 nanoparticles 
synthesised by CHFS process.  
 
Figure 5.12: Surface XPS spectrum for oxygen binding energy from VO2 nanoparticles 
synthesised by CHFS process. 
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5.3.2.4 Thermochromic properties of VO2 nanoparticles 
Variable temperature UV/Vis/NIR spectroscopy was employed to determine the 
thermochromic properties of the post-annealed VO2 samples. For this, the powder 
was pressed into a pellet and reflectance measurements were obtained. With the 
tetragonal (rutile) phase being semi-metallic, upon the phase transformation (MST) 
from the monoclinic (cold) phase to the tetragonal (hot) phase, the expected result 
is an increase in reflectance in near IR wavelengths by the material when it is 
heated.2  
All samples showed a reversible switch between the cold and hot spectra, Figure 
5.13. The best performing sample was VO2-375, which showed the largest switch 
between the cold and hot spectra (20% difference at 2500 nm). The worst 
performing sample was VO2-335, which showed a significantly smaller switch (8% 
difference at 2500 nm). Interestingly, the switching behaviour displayed correlates 
with the initial XRD patterns, where VO2-375 showed the greatest number of VO2 
monoclinic diffractions peaks and sample VO2-335 the fewest.  
The results also correlate with the particle size, with VO2-375 having the largest 
particles and VO2-335 the smallest. Combined with the XPS data, the difference in 
switching behaviour could be due to the proportion of VO2:V2O5 in the samples- as 
VO2-335 has significantly smaller particles that the other samples, it would also 
have the highest surface area and thus the lowest proportion of VO2:V2O5. As V2O5 
does not show a phase change at ~68 °C,2 it will not contribute to the 
thermochromic response. Sample VO2-375 has a much larger average particle size 
and so a higher proportion of VO2, which would mean a larger thermochromic 
response. The influence of the ratio of VO2:V2O5 on the thermochromic response 
has been previously reported for thin film systems.149, 285   
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Figure 5.13: Variable temperature reflectance UV/Vis spectra for a) VO2-335 b) VO2-356 c) 
VO2-375 and d) VO2-357. All samples were measured at 25 °C (solid line) and 85 °C 
(dashed line). All samples shown have been post annealed at 600 °C for 2 hours under a 
nitrogen atmosphere.  
 
Previous reports into the production of VO2 nanoparticles have shown that the 
ability to tailor the shape can be desirable for a number of different applications. The 
initial TEM results suggested that as well as forming some VO2 (M), there is also the 
formation of the metastable VO2 (B) phase in the CHFS process. VO2 (B) has been 
widely researched for the intercalation of lithium ions for battery technologies.6, 8 It 
has been suggested that having a rod-like morphology would be advantageous for 
such a technology.286 With longer residence times favouring rod-like formations, and 
low temperatures favouring the VO2 (B) phase, the CHFS process could be ideal for 
the high-throughput production of VO2 (B) nanoparticles.  
It has been previously reported that the phase and morphology of materials 
produced by continuous hydrothermal methods can be influenced by the nature of 
the precursor,287, 288 concentration of the precursor solution,96 pH of the precursor 
solution,96 addition of surfactants94, 267, 289  and addition of dopants.290 This means 
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there is plenty of scope for additional experiments to determine whether the direct 
synthesis of monoclinic VO2 nanoparticles can be achieved from CHFS processes.  
 
5.4 Conclusions 
This chapter has reported on the synthesis of VO2 nanoparticles by a continuous 
hydrothermal method. The addition of a base to the reaction mix was found to have 
a detrimental effect on the formation of monoclinic VO2, leading to subsequent 
reactions being synthesised by the hydrolysis and dehydration of the vanadium (IV) 
precursor without addition of a base. The CHFS process was shown to produce 
highly crystalline nanoparticles, as demonstrated by the evidence of lattice fringes in 
the TEM micrographs of the initial VO2 nanoparticles formed. The d-spacing from 
these lattice fringes were matched to the VO2 (B) phase, combined with the XRD 
data suggested that the particles as formed were a mixture of (B) and (M) phases. 
Considering the short residence times in these initial experiments (~5 s), the 
crystallinity of the product was surprisingly high when compared with traditional 
batch hydrothermal processes, however, continuous hydrothermal processes have 
been proven to give highly crystalline products in very short reaction times. The as 
formed initial VO2 powders required a post annealing step to ensure phase purity.  
A further series of VO2 nanoparticles were synthesised with the effect of residence 
time and mixing temperature investigated. The monoclinic diffraction peaks were 
found to become more intense in samples synthesised at higher mixing 
temperatures. Residence time did not appear to affect the phase formed, but 
impacted on the morphology with rod-like structures showing differing growth rates 
depending on the residence time in the CHFS reactor. Direct synthesis of phase 
pure monoclinic VO2 was not observed, with a post annealing step required to 
obtain thermochromic properties. As with the initial experiments, the residence 
times were still very short, with a maximum of 27 s. The formation of a product with 
a high monoclinic VO2 content, as shown by the XRD patterns, is therefore a very 
interesting result.  
The data from this chapter suggests that the direct formation of VO2 (M) may be 
possible, but would require higher reaction temperatures. Longer residence times 
may affect the phase present, but due to the small difference in residence time in 
the data presented here, it is unclear whether an increase in residence time would 
afford monoclinic VO2 particles.  
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This is the first time that VO2 nanoparticle formation has been shown from a CHFS 
process. In the next chapter, the influence of niobium as a dopant on the formation 
of VO2 nanoparticles will be demonstrated.  
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Chapter 6: Continuous Hydrothermal Flow Synthesis of Nb-VO2 nanoparticles 
6.1 Introduction 
As stated in the previous chapter, the synthesis of VO2 nanoparticles has been 
researched due to the aesthetically unpleasing brown/yellow colour of VO2 thin 
films.125, 151 Like undoped thin films and single crystals of VO2, undoped nanoparticle 
systems also show a phase transition ~68 °C.108 For use in fenestration, this phase 
transition would be required to switch ~25 °C.18, 133, 158 
There are three potential routes to lower the phase transition temperature; by using 
a template to induce additional strain into the VO2 lattice,
137, 291, 292 by reducing the 
size of nanoparticles synthesised26, 29 and by the incorporation of dopants into the 
VO2 lattice.
30, 31, 114, 132, 183 Of the three methods, doping of VO2 has been shown to 
be the most reliable method for reducing the phase transition temperature.108, 133, 183 
Reduction of the phase transition temperature in VO2 has been achieved by doping 
with W,57, 293, 294 Mo,31, 119, 264 F124, 295 and Nb.9, 43 W, Mo and Nb have all shown a 
linear relationship with respect to doping levels, with each atom% of dopant 
incorporated into the lattice a known reduction in the phase transition temperature is 
observed.43, 119, 181 
Doped nanoparticles have previously been achieved from batch hydrothermal,26, 27, 
29, 30 sol-gel146, 189, 296 and sputtering159, 297, 298 synthetic techniques. These 
techniques, however, suffer from difficulties in scaling for industrial purposes. This 
limits the applications of the nanoparticles from these synthetic routes.  
As described in the previous chapter, Continuous Hydrothermal Flow Synthesis 
(CHFS) offers a potential route to the production of nanomaterials in a high-
throughput and scalable manner. CHFS has also been proven to allow the 
incorporation of dopants into materials such as Zn-Ce oxides,269, 272 
nanoceramics,270, 299 N-doped TiO2
300 and Eu-doped ZrO2.
301 
Described within this chapter is a method for synthesising Nb-doped VO2 
nanoparticles from a CHFS process. The concentration of the Nb-dopant was 
altered to determine the effect on the morphology and phase transition temperature 
of the particles produced. This is the first demonstration of the doping of VO2 
materials by a CHFS process. The Nb-VO2 nanoparticles having potential to be 
used in thermochromic applications.193  
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6.1.1 The Continuous Hydrothermal Flow Synthesis reactor 
Figure 6.01 shows a schematic of the reactor set-up used in the synthesis of the 
samples discussed in this chapter. Three high-pressure pumps P-1 to P-3 (Milton 
Roy, Primeroyal K) were used to supply reagents and water for the reactions. P-1 
was used to supply supercritical water (450 °C) for the process. The flow rate for 
this pump is defined as Qsw. P-2 and P-3 were used to supply the aqueous 
vanadium and aqueous niobium precursors respectively to the reactor. As these 
streams are mixed before entering the reactor, these are defined as Qp. 
Pump P-1 was used to supply a flow of deionised water (15 MΩcm), which was 
heated to 450 °C at a pressure of 24.1 MPa (as mentioned in the previous chapter, 
this is above the critical point of water; Tc = 374 °C and Pc = 22.1 MPa) by pumping 
through a heating unit (7 kW). The combined feeds from pumps P-2 and P-3 were 
mixed with the supercritical water feed in a combined jet mixer, as shown in the 
previous chapter (Figure 5.02). In the mixer arrangement, supercritical water was 
mixed with the precursor streams; this was achieved through a 1/4 ʺ Swagelok pipe 
fitted to a 3/8 ʺ cross using a 1/4 ʺ to 3/8 ʺ bored through reducer, allowing the tube 
to extend into a stream of the precursors issuing from P-2 and P-3, which were fed 
in below the outlet of the supercritical water. The nanoparticles formed remained in 
the reaction (mixing) temperature for ~5 seconds, this is termed as the ‘residence’ 
time. The nanoparticles were then rapidly cooled by passing through a pipe-in-pipe 
heat-exchanger. The resulting nanoparticle slurry was then collected in an open 
beaker at ~25 °C after passing through a back pressure regulator (TESCOM model 
26-1762-24-194) valve.  
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Figure 6.01: Schematic diagram of CHFS process used to produce Nb-doped VO2 
nanoparticles discussed in this chapter. Heater set-point was 450 °C in all cases.  
 
6.2 Synthesis of Nb-VO2 nanoparticles by CHFS  
6.2.1 Aim 
To determine whether the incorporation of Nb into VO2 nanoparticles can be 
successfully achieved by CHFS. To determine the phase/s formed with increasing 
Nb concentration. To determine whether the Nb incorporation affects the 
morphology observed in the nanoparticles formed. To determine the effect on the 
phase transition temperature of increasing Nb content.  
6.2.2 Experimental  
The synthesis of the Nb-VO2 nanoparticles was achieved by the reaction of a 
vanadium (IV) precursor with a Nb (V) precursor. The vanadium (IV) precursor was 
synthesised by the reduction of ammonium metavanadate (NH4VO3, 99.9% purity) 
by oxalic acid (H2C2O4, 99% purity) in DI water (15 MΩ
-cm). The Nb (V) precursor 
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was produced by dissolving ammonium niobate (V) oxalate hydrate 
(C4H4NNbO9.xH2O, 99.9 % purity) in DI water (15 MΩcm). All precursors were 
purchased from Sigma Aldrich and used without additional chemical treatment. The 
DI water was from an Elga Purelab Option DV 25. 
For a typical vanadium (IV) precursor solution, ammonium metavanadate (23.04 g : 
0.2 mol) and oxalic acid (50.42 g : 0.4 mol) was dissolved in 2.0 L of DI water. The 
resulting solution was stirred for 4 hours at room temperature, yielding a deep blue 
solution. This was then left to age overnight. This was used as a 0.1 M stock 
solution. For a typical niobium (V) precursor solution, ammonium niobate (V) oxalate 
hydrate (6.06 g : 0.02 mol) was dissolved in 2.0 L of DI water, this was left to stir 
until all the niobium precursor had dissolved. This resulted in a 0.01 M stock 
solution.  
The vanadium (IV) precursor solution would be transferred to P-2 and the niobium 
(V) precursor would be transferred to P-3 for synthesis of Nb-VO2 particles. In a 
typical CHFS reaction, 400 cm3 of the vanadium (IV) precursor would be transferred 
to the feed for P-2 and 400 cm3 of the niobium (V) precursor would be transferred to 
the feed for P-3. The reactor set-point would be set to 450 °C, and the flow rates of 
pumps P-1, P-2 and P-3 would be set to 80, 40 and 40 mL min-1 respectively. Once 
the set-point had been reached, pumps P-2 and P-3 would be switched from the DI 
water feed to the precursor feed by a two-way valve. Pump P-1 would be left with a 
DI water feed flowing through it. The feeds generally took ~5 minutes to reach the 
mixer, with a black nanoparticle-containing slurry observed at the back pressure 
valve. Typically 900 cm3 of slurry would be collected. This slurry would then be 
cleaned by centrifugation and washing with DI water, followed by dialysis, for 24 
hours, before being freeze dried (Virtis Genesis 35XL) by slowly heating from -40 to 
25 °C over 24 hours under vacuum < 100 mTorr.  
 
6.2.3 Sample descriptions 
A series of 4 samples were produced, with varying concentrations of niobium (V) 
precursor added to the feed for pump P-3. All samples were post annealed. For a 
typical post-anneal, ~1 g of material was placed in a crucible and heated in a tube 
furnace, fitted with Eurotherm controller, to 600 °C (ramp rate 20 °C min-1) for 2 
hours under a nitrogen atmosphere (BOC, 99.9%). The samples are then left to cool 
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under a flow of nitrogen and were only removed from the tube furnace when below 
80 °C. Sample descriptions and synthesis conditions are summarised in Table 6.1.   
 
Sample Conc. Nb 
precursor 
(M × 10-3) 
Target Nb 
conc. 
(at.%) 
Actual Nb 
conc. 
(at.%) 
MST Temp. 
(C) 
VO2 (water)   64.8 
Nb(1%)VO2 0.5 1 0.8 70.5 
Nb(5%)VO2 2.5 5 6.8 46.4 
Nb(15%)VO2 10 15 21.0 52.8 
Table 6.1: Sample descriptions for Nb-VO2 nanoparticles synthesised by CHFS, the 
concentration of the niobium (V) precursor was varied by diluting the 0.01 M stock solution to 
achieve 1, 5 and 15% Nb contents with respect to the vanadium. Set-point temperature for 
all reactions was 450 °C.  
6.2.4 Nanoparticle characterisation 
X-ray diffraction (XRD) was carried out using a Stoe (Mo) StadiP diffractometer, with 
a Mo X-ray source (Mo tube 50 kV 30 mA), monochromated (Pre-sample Ge (111) 
monochromator selects Kα1 only,  = 0.7093) and a Dectris Mython 1k silicon strip 
detector covering 18° (2θ). The samples were studied in transmission mode. The 
diffraction patterns obtained were compared with database standards (ICSD). A 
Renishaw 1000 spectrometer equipped with a 633 nm laser was used for the 
Raman spectroscopy studies. The system was calibrated using a silicon reference. 
UV/vis spectroscopy was carried out using a Perkin Elmer Lambda 950 UV/Vis/NIR 
Spectrophotometer. The spectra were recorded in transmission mode, with the 
samples being deposited onto microscope slides. A Labsphere reflectance standard 
was used as reference in the UV/vis measurements. Transmission electron 
microscopy (TEM) images were obtained using a TEM Jeol JEM-100CX II with a 
tungsten source operating at an acceleration voltage of 100 kV. Micrographs were 
recorded on a Gatan Erlangshen ES500W camera. The powders were sonicated, 
suspended in methanol and drop-casted onto a 400 Cu mesh lacey carbon film grid 
(Agar Scientific Ltd.). X-Ray photoelectron spectroscopy (XPS) studies were carried 
out using a Thermo K alpha spectrometer with monochromated Al K alpha radiation, 
a dual beam charge compensation system and constant pass energy of 50 eV. 
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Survey scans were collected in the range of 0 – 1200 eV. XPS data was fitted using 
CasaXPS software, the vanadium 2p3/2, O1s and Nb3d5/2 peaks were modelled with 
Gaussian functions. The Gaussian functions had a FWHM value of 1.8 and 1.7 for 
V5+ and V4+  respectively (with a tolerance of ±0.2) the oxygen had a FWHM of 1.8 
(with a tolerance of ±0.2) and the niobium had a FWHM value of 1.7 (±0.2) these 
values were obtained from literature measurements.166, 167, 302 
 
6.3 Results and discussion 
Nb-doped nanoparticles of VO2 were synthesised by a CHFS process. The 
nanoparticles were formed from a vanadium (IV) and niobium (V) precursor. The 
vanadium (IV) precursor was synthesised by the reaction between a metal 
carboxylate (ammonium metavanadate) and oxalic acid, the reaction pathway for 
this has been discussed in chapter 5, equations 5.01, 5.02 and 5.03. Structures, 
such as ammonium niobate (V) oxalate hydrate, are known to undergo thermal 
decomposition.303 This is the most likely route for the doping of Nb into structures 
through a hydrothermal synthetic route.  
6.3.1 The effect of Nb dopant concentration on the formation and properties of 
VO2 nanoparticles synthesised by CHFS 
6.3.1.1 Phase identification 
A series of Nb-doped nanoparticles were synthesised with the Nb precursor solution 
being varied from 0 to 15 atom% with respect to the vanadium. All samples are 
summarised in Table 6.1.  
XRD patterns of the VO2 nanoparticles, as formed directly from the CHFS process, 
showed that the samples were not phase pure, as was the case with the undoped 
VO2 nanoparticles described in chapter 5. Therefore, all samples were post 
annealed for 2 hours at 600 °C (ramp rate 20 °C min-1) under a nitrogen atmosphere 
(BOC, 99.9%). Figure 6.02 shows the XRD patterns for the post annealed samples.  
The diffraction peaks for all the samples match the ICSD VO2 monoclinic, apart from 
a few additional peaks for samples Nb(5%) VO2 and Nb(15%) VO2- these additional 
peaks could not be matched to either V2O3 or V2O5, but were close to Nb2O5 (±0.2° 
2θ) coupled with the slight shift in the diffraction peaks for the doped VO2 samples 
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suggest that there is incorporation of Nb into the VO2 structure with the higher levels 
causing segregation of the niobium and the formation of a niobate phase.304 
As with the samples in the previous chapter, the post annealed XRD patterns 
closely match the relative intensities of the reference pattern- suggesting high phase 
purity and crystallinity of the product. Finally, it is noted that sample Nb(15%) VO2 
has significantly broader peaks than the other XRD patterns shown, this suggests 
that the particle size is significantly smaller in this sample than the others 
synthesised.    
 
Figure 6.02: XRD patterns for Nb-VO2 nanoparticles formed from the CHFS process, all 
samples were post-annealed at 600 °C for 2 hours under a N2 atmosphere. Samples shown 
are VO2 (undoped), Nb(1%) VO2 (1 at.% Nb to V), Nb(5%) VO2 (5 at.% Nb to V) and 
Nb(15%) VO2 (15 at.% Nb to V). All samples are compared against ICSD VO2 (M) standard 
(34033). The additional peaks could not be matched to V2O3 or V2O5, but were close to 
Nb2O5 (±0.2° 2θ). λ = 0.7093 Å.  
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To determine the phases present at the surface of the nanoparticles, Raman 
spectroscopy measurements were taken, Figure 6.03. Although VO2 (M) bands 
could be identified for the undoped sample (Figure 5.08 in the previous chapter) the 
only phase identified for the Nb doped samples was V2O5, with characteristic bands 
at 997 cm-1 (V꞊O stretch); 696 and 524 cm-1 (V–O stretch of doubly and triply 
coordinated oxygen, respectively); 405 and 282  cm-1 (V꞊O bending); and 192, 141 
and 94 cm-1 (lattice vibrations).305 This is not completely unexpected, as surface 
vanadium will be rapidly oxidised to V5+.306 Combining the XRD and Raman data 
suggests that the bulk crystalline material is monoclinic VO2, with the surface phase 
being V2O5. 
 
Figure 6.03: Raman spectra for all samples. Samples shown are VO2 (undoped), Nb(1%) 
VO2 (1 at.% Nb to V), Nb(5%) VO2 (5 at.% Nb to V) and Nb(15%) VO2 (15 at.% Nb to V). 
VO2  All samples have been post annealed at 600 °C for 2 hours under a N2 atmosphere. 
Laser wavelength = 633 nm. 
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6.3.1.2 Morphology of nanoparticles 
TEM micrographs were obtained for the post-annealed Nb-VO2 nanoparticle 
samples, Figure 6.04. Sample VO2, Figure 6.04 (a), shows the morphology seen 
previously for the undoped monoclinic VO2 synthesised by the CHFS, with a mixture 
of spherical and rod-like morphologies present in the TEM micrograph.  
Sample Nb(1%) VO2, Figure 6.04 (b), shows spherical and rod-like morphologies 
too. The rod-like particles now display growth patterns that are indicative of a central 
seeding point, with the rod-like morphologies growing from this point.  
Sample Nb(5%) VO2, Figure 6.04 (c), shows spherical and blade-like morphologies. 
The rod-like structures present in Figure 6.04 (a) and (b) are now replaced by these 
blades, which have greater particle widths but smaller particle lengths.  
Sample Nb(15%) VO2, Figure 6.04 (d), shows only spherical type morphologies. 
The spherical particles are significantly smaller in size than for the other samples 
shown. This is supported by the XRD patterns, which showed significant peak 
broadening for this sample, Figure 6.02.  There is no evidence for the presence of 
either rod or blade-like morphologies. This when coupled with the smaller size of the 
particles suggests that the increasing niobium is acting as a seed for particle 
formation. Thus as the concentration of niobium increases smaller particles are 
formed, due to increased sites for nucleation.29  
Chapter 6 
Continuous Hydrothermal Flow Synthesis of Nb-VO2 nanoparticles  
 
150 
 
 
Figure 6.04: TEM micrographs for nanoparticles after post-annealing at 600 °C for 2 hours 
under a nitrogen atmosphere, a) sample VO2 (undoped), b) Nb(1%) VO2 (1 at.% Nb to V),c) 
Nb(5%) VO2 (5 at.% Nb to V) and d) Nb(15%) VO2 (15 at.% Nb to V). All TEM micrographs 
show a low and high magnification image to help elucidate particle morphologies present. 
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Analysis of the particle shapes and sizes, Table 6.2, shows the effect of increasing 
the niobium concentration on the particle size and morphology observed. It can be 
seen that the addition of low concentrations of niobium lead to the formation of both 
larger spherical and rod-like particles. When the Nb concentration is increased to 
5%, this decreases both the spherical and blade-like particles, when compared with 
the 1% Nb samples. The particle sizes are still larger than those observed in the 
undoped VO2 sample. At the highest concentration, 15% Nb, it can be seen that the 
particle size is significantly reduced. This suggests that there is a critical 
concentration of niobium above which the nucleation rate is very high, causing the 
formation of many small particles.  
 
Sample %Niobium 
in 
precursor 
solution 
%Niobium 
from X-ray 
Photoelectron 
spectroscopy 
Mean Particle Size 
(nm) 
Spherical 
Particles 
(nm) 
Rod/blade particles 
(nm) 
Length Width 
VO2 0 0 203.4 
(± 47.3) 
670.3 
(± 143.8) 
34.5 
(± 7.8) 
Nb(1%) 
VO2 
1 0.8 634.1 
(± 211.8) 
1507.8 
(± 511.0) 
140.4 
(± 72.3) 
Nb(5%) 
VO2 
5 6.8 252.5 
(± 127.9) 
962.2  
(± 130.7) 
152.6 
(± 25.3) 
Nb(15%) 
VO2 
15 21.0 26.2 
(± 6.0) 
Not 
Observed 
Not 
Observed 
Table 6.2: Mean particle sizes for spherical and rod/blade like particles observed in the post 
annealed samples from the CHFS process.  
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6.3.1.3 X-ray Photoelectron Spectroscopy 
To determine the oxidation states of the vanadium and niobium in the post annealed 
Nb-VO2 powders, XPS measurements were obtained. The binding energies for all 
elements were calibrated to the carbon C1s peak (285.0 eV).  
The surface vanadium oxidation state for the undoped VO2 sample, Figure 6.05, 
showed a similar mixture of V5+ (517.1 eV) and V4+ (515.7 eV) as seen in for the 
undoped samples from the CHFS in the previous chapter. These values are in 
agreement with the literature.166 The inclusion of niobium, however, reduced the 
proportion of V5+ in the sample. The areas under the peaks in the XPS spectra were 
used to determine the proportion of V5+ : V4+, Table 6.3. The increase in the niobium 
content is accompanied by a decrease in the proportion of V5+ in the samples.  
The oxygen binding energies show a similar trend, with the undoped sample, Figure 
6.07, showing only of V5+-O signals, attributed to V2O5.
167 When niobium is in high 
concentrations, Figure 6.08, the O1s shows two V-O environments attributed to V4+ 
and V5+. The other environments present in the O1s XPS spectra are attributed to 
hydroxyl groups and surface carbon contamination.  
Finally, the Nb oxidation environment, Figure 6.09, can only be deconvoluted to give 
Nb5+ in all Nb-doped VO2 samples, there was no evidence for any other oxidation 
states of niobium being present in any of the Nb-doped samples. The binding 
energy for this is 207.4 eV which is in agreement with literature values.307 The peak 
areas for the niobium were also used to estimate the % incorporation of Nb into the 
VO2 samples, the values calculated roughly match the target values, however, the 
highest concentrations suggest that niobium uptake is selected for at higher doping 
concentrations. This could be due to the seeding effect of the niobium as suggested 
from the TEM micrographs, Figure 6.04 (d).  
The XPS spectra suggest that the inclusion of high concentrations of niobium helps 
to reduce the vanadium from (V) to (IV). This could be due to the effect of the 
overlap of the Nb d-orbitals with the V d-orbitals, allowing the transfer of electrons 
from the niobium to the vanadium as has been previously suggested.32, 308 
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Sample Target Nb% Nb% from XPS V5+ : V4+ (%) 
VO2 - - 83 : 17 
Nb(1%) VO2 1% 0.8 77 : 23 
Nb(5%) VO2 5% 6.8 75 : 25  
Nb(15%) VO2 15% 21.0 66 : 34 
Table 6.3: Niobium content against the relative proportion of V
5+
 : V
4+
 for Nb-VO2 samples 
synthesised by CHFS process. 
 
 
Figure 6.05: Surface XPS spectrum for vanadium binding energy from undoped VO2 
nanoparticles, sample VO2, synthesised by CHFS process. 
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Figure 6.06: Surface XPS spectrum for vanadium binding energy from Nb-VO2 
nanoparticles, sample Nb(15%) VO2, synthesised by CHFS process. 
 
Figure 6.07: Surface XPS spectrum for oxygen binding energy from undoped VO2 
nanoparticles, sample VO2, synthesised from CHFS process.  
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Figure 6.08: Surface XPS spectrum for oxygen binding energy from Nb-VO2 nanoparticles, 
sample Nb(15%) VO2, synthesised by CHFS process.  
 
Figure 6.09: Surface XPS spectrum for niobium binding energy from Nb-VO2 nanoparticles, 
sample Nb(15%) VO2, synthesised by CHFS process. 
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6.3.1.4 Thermochromic properties of Nb-VO2 nanoparticles 
Variable temperature UV/Vis/NIR spectra were obtained to determine the 
thermochromic properties of the post-annealed Nb-VO2 samples. Samples were 
coated onto glass slides. In a typical coating 0.1 g of powder would be mixed with 
high vacuum grease, the resulting paste would be spread onto a glass slide. This 
allowed transmission spectra to be obtained, as with the previous transmission 
spectra, the expected result if the material is thermochromic is a reduction in the 
transmission, at near IR wavelengths, as the temperature is increased.7 
All samples showed a reversible switch between the hot and cold spectra, a 
representative spectrum is given in Figure 6.10 (a). As the inclusion of niobium 
should reduce the MST phase transition temperature, a series of spectra were 
recorded at varying temperatures. To determine the MST phase transition 
temperature, the transmission modulation at 2000 nm was recorded for the 
samples, Figure 6.10 (b). These plots were fitted using a Boltzmann function 
equation, 6.01.  
f(x) = [(A1-A2)/(1+e
(x-x0/dx))]+A2        (6.01) 
Where A1 and A2 are initial and final values (f(x)= A1 and f(x)= A2 tangent lines, 
respectively); in this case, the transmittance modulation corresponds to (A1–A2)×100 
(%) and x0 is the abscissa component at the centre of the function, equivalent to the 
MST temperature. 
It can be seen, from Figure 6.10 (b), that samples Nb(5%) VO2 and Nb(15%) VO2 
both show a reduced phase transition temperature when compared to the undoped 
VO2 sample. The phase transitions of all the samples is staggered, except for 
sample Nb(1%) VO2, which clearly displays an abrupt change in transmission at ~68 
°C. Interestingly, the undoped VO2 sample shows a wider hysteresis than Nb(1%) 
VO2, it has been suggested that nanoparticles can display increased hysteresis in 
phase transitions due to the presence of defects, such as oxygen vacancies, which 
allows the relieve of localised stress.188  
Comparing samples Nb(5%) VO2 and Nb(15%) VO2 shows that there is very little 
difference in the MST phase transition temperature, with both samples switching 
~50 °C. This suggests that the niobium is only partially soluble in the VO2 lattice, 
with higher concentrations leading to the formation of Nb2O5 phases rather than 
doped VO2 structures. The reduction in the MST value was also close to what has 
been observed when Nb has been doped into VO2 by CVD methods.
31, 43  
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It was also reported in studies into Nb-VO2 thin films that the doping of Nb resulted 
in the narrowing of the hysteresis loop. To determine whether the Nb-doped VO2 
nanoparticles also displayed this behaviour, hysteresis data were plotted, Figure 
6.11. The hysteresis for the undoped sample is ~10 °C, whereas for the 5% Nb 
sample this narrows to ~5 °C. This supports the conclusion that doping of niobium 
can both lower the phase transition temperature and reduce the hysteresis between 
the monoclinic to tetragonal phase transition.31, 43  
 
Figure 6.10: The thermochromic properties of the Nb-VO2 samples were tested by variable 
temperature UV/Vis spectroscopy, a) Representative cold (30 °C, black line) and hot (90°C, 
red line) UV/Vis spectra (sample Nb(1%) VO2 shown and b) Transmittance modulation 
(normalised) at 2000 nm for the undoped and Nb-doped VO2 samples studied in this work, 
as indicated. The experimental data was fitted using the Boltzmann function. The dashed 
vertical lines indicate the approximate centre of the corresponding Boltzmann functions. 
Chapter 6 
Continuous Hydrothermal Flow Synthesis of Nb-VO2 nanoparticles  
 
158 
 
 
Figure 6.11: Hysteresis for a) undoped VO2 nanoparticles, sample VO2 and b) Nb-doped 
VO2 nanoparticles, sample Nb(5%) VO2. 
Previous reports into the production of doped VO2 nanoparticles have shown that 
the ability to produce both a decrease in the MST,147, 192 narrowing of the hysteresis 
characteristics121 and reduction in the particle size26 are all important for 
thermochromic applications. Although sample Nb(15%) VO2 did not show any 
greater reduction in the MST than Nb(5%) VO2, it did show a significant decrease in 
the particle size, by a factor of 10 when compared with the undoped VO2 particles. It 
could be possible to co-dope niobium with another metal ion, such as tungsten, to 
both reduce the particle size, MST and hysteresis characteristics of the 
nanoparticles. The doping of the nanoparticles, described in this chapter, have 
confirmed previous reports that doping can affect the nature of the nanoparticles 
formed in continuous hydrothermal processes.290 
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6.4 Conclusions 
This chapter has reported on the synthesis of niobium doped VO2 nanoparticles by 
a continuous hydrothermal method. A series of Nb-VO2 particles were synthesised, 
with the Nb dopant level being varied by changing the concentration of the Nb 
precursor with respect to the vanadium. The as deposited samples were not phase 
pure monoclinic VO2, and a post-annealing step was required to ensure phase pure 
monoclinic VO2. The post-annealed samples all showed diffraction peaks consistent 
with monoclinic VO2, however the higher concentrations of niobium resulted in 
additional peaks in the XRD pattern which were attributed to the formation of a 
niobate phase.  
The particle sizes were shown to vary widely depending on the niobium content, 
with low Nb doping resulting in larger particles and the highest Nb doping resulting 
in a significant decrease in the particle size. The morphology of the particles were 
also dependent on the niobium content, with undoped and 1% doped particles 
showing spherical and rod-like formation, 5% doped particles showing spherical and 
‘blade’ like formations and 15% doped particles displaying only spherical particle 
shapes. This is attributed to the niobium acting as a ‘seed’ in the reaction, with 
greater niobium content resulting in faster nucleation rates and smaller particle 
sizes.  
The niobium was also shown to reduce the MST phase transition, to ~50 °C, but 
only at higher doping levels. There was no change in the MST between the 5% and 
15% Nb doping, which was attributed to the formation of N2O5 in the 15% Nb 
sample.  
This is the first time that the doping of VO2 has been shown by a continuous 
hydrothermal process. This has shown that the CHFS process is a versatile way of 
producing thermochromic nanoparticles on a large scale and to control the 
properties of the nanoparticles by doping. There is still further work required to 
determine the effect of pH, surfactants, doping and co-doping can have on the VO2 
system. Currently, monoclinic VO2 cannot be directly synthesised from a continuous 
hydrothermal process. 
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Chapter 7: Conclusions and considerations for future work 
7.1 Overall conclusions 
This thesis has examined the use of VO2 thin films and nanoparticles for solar 
modulation coatings. Two synthesis techniques, APCVD and CHFS were used to 
synthesise thin films and nanoparticles of monoclinic VO2. Monoclinic VO2 is a 
material with the potential to allow the control over building heat loads without the 
need to use air-conditioning, thus helping to reduce emissions and limit 
anthropogenic induced climate change. Further to this, a new FBCVD reactor was 
designed and built for the project, this was with the idea of depositing VO2 onto 
powder substrates. This was, however, unsuccessful, so a demonstration of the 
technique shown by the deposition of TiO2 single and multi-layers onto powder 
substrates.  
For the APCVD reactions, the reaction between vanadium (IV) chloride and ethyl 
acetate was demonstrated for the first time. Thin films of monoclinic VO2 were 
successfully grown from the above reaction at deposition temperatures above 450 
°C. The best performing films, in terms of solar modulation, were deposited at 550 
°C. The effect of deposition time on the thermochromic response was determined, 
with thin films between 50-300 nm showing the same solar modulation when 
evaluated using weighted solar modulation values. Films of 900 nm showed the 
largest response ~15% solar modulation, but suffered from poor visible light 
transmission as a result of the dark brown colour of the thicker VO2 deposition. The 
growth rate of the films was characteristic of a Stranski-Krastanov mechanism, with 
thinnest depositions showing a mix of island and layer type formation. Interestingly, 
the 300 nm film (1 min deposition) showed an extremely rough and disordered 
surface, whilst the 900 nm (3 min deposition) showed much greater order but were 
still extremely rough.  
The second VO2 system demonstrated by APCVD was the deposition of multi-
layered VO2/SiO2/TiO2. This was the first time that such a multi-layered system has 
been demonstrated by CVD. The multi-layered films showed both improved solar 
modulation and visible light transmission when compared to single VO2 film 
analogues. The improved visible light transmission was attributed to a decrease in 
the haziness of the films, when assessed by a visual inspection, most likely due to 
the refractive properties of the SiO2 ‘sandwich’ layer. The morphology of the SiO2 
layer was shown to be highly porous, with a pillar/column like structure evident 
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between the pores in the structure. Modelling of this SiO2 layer suggested that the 
porous nature of the layer gave the improved visible light scattering when compared 
to a uniform SiO2 layer with bulk like optical characteristics. The TiO2 layer showed 
rutile TiO2 in the thinner multi-layer and a mix of anatase/rutile in the thicker multi-
layered film. The thicker of the multi-layered systems was shown to have self-
cleaning properties by the photocatalytic destruction of a layer of stearic acid. This 
is a first demonstration of a multi-layered, multi-functional film with improved 
thermochromic properties and visible light transmission from APCVD- an industrially 
scalable synthesis technique.  
A lab-scale FBCVD reactor was designed and built especially for the project, due to 
time constraints however, a demonstration of the technique was achieved by a case 
study of the deposition of single and multi-layered systems onto powder substrates. 
The material chosen to show this was TiO2, as it is a material that is easy to 
characterise and has two primary phases, rutile and anatase, which allowed for the 
deposition and analysis of these multi-shelled systems. XRD, Raman and UV/Vis 
spectroscopy confirmed that the two phases could be made independently as well 
as mixed and finally in a multi-shelled system. TEM images showed that the 
presence of multi-shelled structures in the anatase@rutile multi-shelled system. The 
photocatalytic properties of the samples were determined by photocatalytic 
destruction of stearic acid, under UV (365 nm) irradiation, with the multi-shelled 
system being poorer than pure anatase, this was attributed to the rutile component 
being inaccessible and so acting as a charge recombination centre. This evidence 
was further supported by BET analysis, which showed that the samples had very 
low surface areas. Combined with the other forms of analysis, this shows that the 
FBCVD gives excellent surface coverage of materials.  
CHFS was used to produce VO2 nanoparticles for the first time. The effect of 
residence time in the reactor and reaction (mixing) temperature were measured, 
with increasing reaction temperature leading to nanoparticles that more closely 
matched standard XRD patterns. The as formed VO2 nanoparticles required a post-
annealing step to ensure phase pure monoclinic VO2. Two distinct types of 
morphology were observed within the VO2 samples, rods and spheres. It was 
determined that the rods grew at low temperatures, with spheres being favoured at 
higher temperatures. The rods also did not appear in the shortest residence times, 
suggesting that the rod like structures grew from the spheres. The post annealed 
VO2 nanoparticles were shown to have a good thermochromic response, with the 
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sample produced at the highest reaction temperature showing the largest 
thermochromic switch.  
Doping studies were also performed on the CHFS, with the effect of Nb 
concentration on the phase and morphology of the nanoparticles investigated. At 
high Nb concentrations, it was found that new phases were present in the XRD 
patterns- these were attributed to the segregation of the niobium at high 
concentrations, forming a niobate phase. The niobium also had an effect on the 
nanoparticle size and morphology, with the highest concentrations of Nb retarding 
nanoparticle growth resulting in a significant decrease in particle size. XPS analysis 
showed that the Nb went in as 5+ in all samples. Interestingly, the increase in Nb 
content was matched by a decrease in the proportion of V5+ present in the samples, 
suggesting that the niobium is reducing the vanadium centres when it is 
incorporated into the VO2 nanoparticles. All samples showed a thermochromic 
switch, with the niobium decreasing the MST phase transition to ~50 °C, however 
above 5% Nb doping there was no additional decrease. These CHFS reactions 
were able to show that it is possible to produce undoped and doped VO2 
nanoparticles by a high-throughput industrially scalable synthetic process, however, 
pure phase monoclinic VO2 has yet to be synthesised directly.  
7.2 Considerations for future work 
The multi-layered VO2 systems discussed in this thesis are only a demonstration of 
the ability to produce such structures from APCVD conditions; as such there are 
many potential areas to explore. The first of these would come from attempting to 
synthesise the ideal film thicknesses suggested by the modelling of the multi-
layered systems. This would involve the deposition of a thin (<50 nm) layer of VO2 
followed by SiO2 and TiO2 to attempt to improve the visible light transmission to 
~70-80% whilst maintaining a solar modulation of ~5%. The next step beyond this 
would be to produce a stacked system, so 2 or 3 layers of VO2 would be 
‘sandwiched’ between alternating layers of SiO2, this would then be analysed to see 
whether the visible light transmission can be kept at ~70-80% with an improvement 
on the solar modulation to ~10%. Further studies could be conducted with the use 
of differing dielectric layers, such as ZrO2, to determine how the refractive index of 
the material can be altered- this can either come from modelling the system prior to 
depositions or as with the work presented in this thesis, depositing a sample 
structure first and then modelling to determine the ideal thickness of each layer of 
the structure.  
Chapter 7 
Conclusions and considerations for future work  
 
164 
 
The FBCVD reactor has many potential applications, as this thesis has 
demonstrated, the FBCVD system is ideal for the deposition of multi-shelled 
structures. The next set of experiments on this system would be to deposit a series 
of multi-shelled structures, such as WO3/TiO2, CuO/TiO2 and CdS/TiO2, to 
determine the properties of structures deposited onto powder substrates by CVD 
methods. Beyond this, the use of organic templates that can be calcined to leave a 
desired material and morphology will be investigated- such as depositing onto 
carbon substrates with TiO2, calcining to remove the carbon framework and then 
analysing the resultant product. If successful, this would allow for the production of 
materials with novel architectures from an industrially scalable and high-throughput 
method.  
CHFS has many potential applications for VO2 materials. The first set of 
experiments would be towards the direct synthesis of monoclinic VO2 nanoparticles. 
The CHFS reactor is currently being outfitted with a long residence time pipe that 
will allow up to 120 s residence time, combined with the highest temperature (375 
°C) this may afford monoclinic VO2. The use of templates, such as TiO2, will also be 
employed to determine if a lowering of the barrier to monoclinic VO2 can be 
achieved within the CHFS reactor. Finally, core-shell structures could also be 
produced from the CHFS- this will allow for the altering of the visible light 
characteristics of the material by using SiO2, ZrO2 or TiO2 as the shell structure to 
alter the refractive index of the nanoparticles- diminishing the absorption of visible 
wavelengths by the VO2 core, whilst maintaining the thermochromic properties.    
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Appendix 
Appendix 1: 
Calculations of the transmittance spectra through the multilayer structures were 
performed using a transfer matrix method. The refractive index of TiO2, SiO2 and 
VO2 were taken from Devore,
211 Palik212 and Mlyuka,160 respectively. The model 
assumed the multilayer film stack was deposited upon a glass (SiO2) substrate and 
irradiated from a broadband light source in air. The reported transmittance values 
were taken between the region of air directly in contact with the TiO2 layer and the 
region of glass in direct contact with the bottom VO2 layer. The SiO2 layer in the 
system reported is optically thicker than the coherence length of broadband 
sunlight. Therefore, it was expected to have a broad phase distribution at the SiO2-
VO2 interface for light that had passed fully through the SiO2 layer. This effectively 
inhibited the formation of a resonant cavity within the SiO2 layer, decoupling 
resonance between the TiO2 and VO2 layers. In order to model incoherence in the 
SiO2 layer, the model was adapted for the transfer matrix calculation method. Both 
electric field and phase information were maintained within the TiO2 and VO2 layers 
(and at their respective boundaries). However, within the SiO2 layer only electric 
field information was preserved.  
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